Nutrient cycling on closed landfills. by Ho, So Man. & Chinese University of Hong Kong Graduate School. Division of Biology.
Nutrient Cycling on Closed Landfills 
HO So Man 
A Thesis Submitted in Partial Fulfillment 
of the Requirements for the Degree of 
Master of Philosophy 
in 
Biology 
• The Chinese University of Hong Kong 
July 2005 
The Chinese University of Hong Kong holds the copyright of this thesis. Any person(s) 
intending to use a part or whole of the materials in the thesis in a proposed publication 
must seek copyright released from the Dean of the Graduate School. 
f � ;广汽 




Prof. L.M. Chu (Supervisor) 
Prof. K.C. Chau (Internal examiner) 
Prof. P.K. Wong (Internal examiner) 
Prof. N. Dickinson (External examiner) 
ABSTRACT 
In Hong Kong, when the engineering works on a closed landfill is completed, a 
layer of soil cover is laid on top followed by revegetation. Revegetation on closed 
landfills is not always successful due to adverse site conditions. Nutrient deficiency is 
one of the major limiting factors to vegetation establishment. Restoration works have 
been carried out to convert the old landfills to more containment type. Site 
contaminations from landfill gas and leachate are thus reduced. However poor soil 
quality remains a challenge to vegetation development. An ecological study was 
carried out to investigate nutrient turnover and nutrient availability of the cover soil 
on closed landfills. The present study compared the pattern of nutrient cycling of three 
sites at the Pillar Point Valley Landfill (PPV): a grassed platform (PG97), a 
seven-year-old woodland (PW95) and a ten-year-old woodland (PW92) and a newly 
restored landfill (TKO Landfill). 
Soil nutrients and organic matter content of the cover soil were in general low for 
all the study sites, particularly the grassed sites. Level of soil nutrients and organic 
matter increased after revegetation. Comparatively higher content was detected at the 
two woodlands; soil from the ten-year-old woodland PW92 showed the highest 
content. Vegetation development promoted the building up of organic matter and 
available nutrients in the cover soil. Soil quality was improved as vegetation develops. 
Annual nutrient flux in throughfall was in general higher in PW92 than PW95. 
Higher nutrient availability and higher canopy coverage could be the causes of higher 
canopy enrichment at PW92. Litter production during the study period was higher at 
PW92 than PW95 (7870 kg ha* at PW92; 7650 kg ha'' at PW95). Except calcium, 
nutrient returns in litterfall did not vary much between the two sites. Nutrient returns 
via throughfall and litterfall in total from aboveground vegetation were higher in 
PW92 than PW95. 
i 
Litter decomposition rate was much higher in PW92 than PW95 (Decomposition 
constant k= -1.74 for PW92; k= -0.59 for PW95). Net release of nutrients from litter 
was also higher at this site. This might reflect higher nutrient availability and higher 
decomposer activities of the site. The two limiting nutrients, nitrogen and phosphorus 
showed net immobilization in the litter during early stage of decomposition study. 
Higher aboveground nutrient returns from vegetation and higher litter decomposition 
rate were detected at PW92. Nutrient turnover could be more efficient at the older 
woodland. 
Net nitrogen mineralization measured at the study sites followed the descending 
order of PW92 (381 kg ha'') > PW95 (242 kg h a ' ) > TG99 (-23.9 kg ha"') > PG97 
(-33.1 kg ha''). Net nitrogen mineralization was highest at the older woodland PW92. 
Highest net nitrification was also detected on this site. Nitrogen could be less limiting 
on the woodlands. Net immobilization of mineral nitrogen was observed in PG97 and 
TG99. Nitrogen was very limiting on both grassed areas. Keen competition for limited 
nitrogen resource between the soil microbes and plants could have occurred at the 
sites. 
The present study showed that soil condition of the grassed areas (PG97 and 
TG99) was still harsh for vegetation establishment. Soil available nutrient and organic 
matter contents were low. Nitrogen was very limiting on both sites as reflected by low 
net mineralization. Ecosystem development after tree planting resulted in 
improvement in soil quality. Nutrient turnover and nutrient availability were higher at 
the older woodland (PW92). Plantation age could be an important factor accounting 
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CHAPTER 1 INTRODUCTION 
Increasing wasteload is a common problem in many developed cities. In Hong 
Kong, as population and economy grow, the quantity of wastes for disposal also 
shows a continuous increase. There was an average 3% yearly increase in municipal 
wastes in the past eight years (EPD, 2004). Landfilling is the major waste disposal 
option locally. In 2002，the average quantity of solid wastes delivered to landfill each 
day was 21158 tonnes, which were originated from household, commercial, industrial 
and construction activities (EPD, 2003). 
In Hong Kong, there are in total sixteen landfills, of which thirteen have been 
closed and three strategic landfills are still in operation. The thirteen closed landfills 
occupy about 300 hectares of land, which equal to 1.6% of urban area. The three 
operating landfills would be filled up in less than ten years if waste continues to grow 
and new sites for the construction of new landfills are required. Land is so valuable in 
a densely populated city like Hong Kong. The completed landfill can be used for 
future development. Before future development can be carried out, the closed landfills 
are required to be restored to reduce the potential safety and health risks to the public. 
However difficulties are always experienced in restoring and managing closed 
landfills. Revegetation is not always successful due to adverse site conditions. Poor 
vegetation growth is a common problem on closed landfills. 
1.1 LANDFILLING 
1.1.1 Waste degradation and the by-products 
1 
Sanitary landfilling is a method of disposing solid wastes by burying them on 
land. The dumping site is well planned and engineered to enclose all pollutants within 
the site and prevent contaminating the surrounding environment. Sanitary landfills are 
known as the bioreactors of solid wastes (Westlake, 1995). The wastes being buried 
would undergo decomposition under anaerobic condition in the soil. Landfill gas is 
generated during anaerobic decomposition. Landfill leachate is formed when liquid 
percolates through the decomposing waste. 
Landfill gas, as a product of anaerobic decomposition, mainly comprises of 
methane and carbon dioxide (Westlake, 1995). It also consists of trace amount of 
organic gases and vapors (Table 1.1). Landfill gas composition can change with site 
age. Five distinct phases of landfill gas production can be identified according to the 
process of waste degradation (Andreottola & Cannas, 1992). Other factors such as site 
conditions and climatic factors can also influence the composition of landfill gas. 
Landfill gas can migrate through the soil and reach the atmosphere, which can be a 
serious pollution problem. Methane is highly flammable and is also a greenhouse gas. 
Besides, many components in landfill gas are harmful to human beings and can bring 
unpleasant odour. Proper control measures and treatments must be done to eliminate 
the adverse effects to the environment. 
As water percolates through the waste, some dissolved and suspended materials 
are being extracted and form landfill leachate (Table 1.2). Leachate is a highly toxic 
liquid. Composition of leachate varies with site conditions, climatic factors and 
composition of waste (Amalendu, 1989). Similar to the production of landfill gas, five 
distinct phases can be recognized in the production of leachate (Andreottola & Cannas, 
1992). Leachate generated is collected through the collection pipes, which is then 
2 
Table 1.1 Typical landfill gas composition (Westlake, 1995). 
Parameter Typical value Observed maximum 
(% volume) (% volume) 
Methane 63.8 77.1 
Carbon dioxide 33.6 89.3 
Oxygen 0.16 20.9 
Nitrogen 2.4 80.3 
Hydrogen <0.05 21.1 
Carbon monoxide <0.001 -
Saturated hydrocarbons 0.005 0.074 
Unsaturated hydrocarbons 0.009 0.048 
Halogenated compounds 0.00002 0.032 
Hydrogen sulphide 0.00002 0.0014 
Organosulfur compounds <0.00001 0.028 
Alcohols <0.00001 0.127 
Others 0.00005 0.023 
3 
Table 1.2 Typical composition of leachate from domestic wastes in landfill at various 
stages of decomposition (Westlake, 1995). 
Fresh wastes Aged wastes Wastes of high 
moisture contents 
pH 6.2 7.5 8.0 
COD 23800 116 1500 
BOD 11900 260 500 
TOC 8000 465 450 
Volatile acids (as C) 5688 5 12 
NH4-N 790 370 1000 
NO3-N 3 1 1.0 
Ortho-P 0.73 1.4 1.0 
CI 1315 2080 1390 
Na 9601 300 1900 
Mg 252 185 186 
K 780 590 570 
Ca 1820 250 158 
Mn 27 2.1 0.05 
Fe 540 23 2.0 
Cu 0.12 0.03 -
Zn 21.5 0.4 0.5 
Pb 0 . 4 0 0 . 1 4 - 一 — — 
All figures in mg L'' except pH 
4 
treated in a treatment plant or recirculated back to the landfill. Leachate contains high 
level of dissolved organic matter and ammonia. Improper control and treatment of 
leachate can bring about downstream contamination and pollution to the ground 
water. 
1.1.2 Restoration works on closed landfills 
There are thirteen closed landfills in Hong Kong (Figure 1.1). In the past, when a 
landfill was completed, a layer of soil would be added as cover. Afterwards, 
hydroseeding and tree planting were carried out to stabilize soil structure and aim for 
landscaping purpose. These ‘old landfills' are unconfmed and without facilities for 
controlling or treating landfill gas and leachate. The wastes dumped are simply buried 
under soil. Landfill gas and leachate contamination are common problems of the ‘old 
landfills'. Landfill factors and poor soil quality can hinder vegetation growth on the 
closed landfills. Poor vegetation development is always results. 
In order to minimize the potential impacts to the public and the environment, 
restoration works to convert the ‘old landfills' to more containment type have been 
started at all thirteen old landfills. Advanced works including installation of the final 
capping system, the landfill gas management system and the leachate management 
system are usually carried out on the old landfills (Figure 1.2). The aim of the 
restoration scheme is to minimize, control, treat and monitor landfill factors. Up till 
now, restoration works have been completed in twelve of the thirteen old landfills in 
Hong Kong. Restoration work is still in progress on the Pillar Point Valley Landfill. 
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Figure 1.1 Location of landfills in Hong Kong (EPD, 2002). 
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Figure 1.2 Cross section of a typical restored landfill in Hong Kong (EPD, 2005). 
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Figure 1.3 showed the cross section of the final capping system of a restored 
landfill. The final capping to be constructed consists of an intermediate soil cover on 
top of the waste, an impermeable geomembrane layer and a drainage layer. Finally a 
layer of cover soil is added on top to facilitate revegetation. The capping system acts 
as a physical barrier to the upward migration of the landfill gas and leachate. The 
emission of the gas to the atmosphere is thus prevented. Since the leachate produced 
is enclosed under the final capping, contamination of the cover soil by leachate is also 
avoided. Besides, the capping system consists of an impermeable layer and a drainage 
layer, which can prevent rainwater from reaching the waste and generation of leachate 
is thus reduced. 
In order to ensure proper treatment of landfill gas and leachate generated during 
the decomposition process, landfill gas and leachate management system are 
constructed within the restored landfill. Landfill gas extraction well is installed. 
Landfill gas collected by the extraction well can be utilized to generate electricity for 
onsite use and excess gas is flared. The migration of the gas is under monitored and 
controlled. In dealing with the problem of leachate, collection pipes are installed. 
Leachate is collected in pipes, which lead to a leachate holding tank. The leachate 
collected is then processed in a leachate treatment plant before discharge. 
Restoration works convert the 'old landfills' to more containment type. 
Pollutants generated in waste degradation are controlled and confined within the site. 
Proper treatment of landfill gas and leachate are ensured, which can effectively reduce 
the risk of landfill gas and leachate to the environment. Threats of landfill factors to 
the planted vegetation can thus be reduced. 
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(EPD, 2002). 
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1.1.3 Afteruses of closed landfills 
The restored landfills can provide lands for development works. Due to settling 
problems, building development will not be carried out on restored landfills for at 
least thirty years in Hong Kong (EPD, 2004). During this period, temporary land uses 
is allowed. Recreational facilities are planned on restored landfills. The restored 
landfills can be developed into golf course, multi-purpose grass pitches, ecological 
park and rest garden. A golf driving range has been built on Shuen Wan Landfill in 
northeastern New Territories of Hong Kong. Other development projects will be 
untaken on the new restored sites. 
1.2 REVEGETATION ON CLOSED LANDFILLS - COMMON PROBLEMS 
ENCOUNTERED 
In restoring the closed landfills, a layer of cover soil is laid on top to facilitate 
revegetation after construction of the final capping system. Revegetation on the soil 
cover is a common practice when restoring closed landfills. Organic matter 
accumulation and development of the root system during vegetation growth can 
stabilize soil structure and prevent soil erosion. Vegetation cover on landfill final 
capping can ameliorate the visual impact to the environment, which also provides a 
green zone for the public before future development can be carried out. However 
revegetating closed landfills is not always successful. Poor soil quality and adverse 
site condition are not favorable for plant growth. High mortality rate of the trees 
planted is common. 
Exotic trees are commonly used as pioneer species in reforestation locally. These 
1 0 
exotic trees are fast growing and can withstand the poor site condition. Some of the 
tree species may even able to fix atmospheric nitrogen (e.g. Acacia spp. and Casurina 
equisetifolia) and are more effective in improving the soil quality. They are thus 
superior to the native trees for planting in some degraded lands (Chong, 1999). Tree 
species in the local native woodlands are usually the climax species. These tree 
species are nutrient demanding, slow growing and are susceptible to adverse site 
conditions. 
Fertile topsoil is unavailable in Hong Kong. The cover soil of landfill is usually 
completely decomposed granite (CDG) or completely decomposed volcanics (CDV) 
collected from the borrow area. Since the imported soil type is mainly originated from 
the subsoil layer, it is acidic in reaction, poorly structured, nutrient poor and lacks of 
organic matter (Fung, 1995; Tsang, 1997; Jim, 2001; Wong, 2003). Chemical 
fertilizers are applied at planting. However the effect is short as fertilizers added are 
soon lost in leaching. Nutrient deficiency is one of the major causes of poor 
vegetation growth on closed landfills (Wong & Yu, 1989b; Chan & Wong, 1997, Lui, 
1999). Nitrogen is an essential nutrient for plant growth. Nitrogen in soil exists mainly 
in organic matter (Barber, 1995), while other nutrients can be derived from 
weathering of rock minerals. Since organic matter content in the cover soil is low, 
nitrogen is always the most limiting nutrient in the degraded ecosystem (Kendle & 
Bradshaw, 1992). 
High bulk density and shallow soil and are common problems of vegetation 
development on closed landfills. High bulk density of the cover soil resulted from 
operation of heavy machinery can hinder the proliferation of plant roots. Water 
availability is usually an obstacle for vegetation development on the highly compacted 
11 
and shallow soil. As an impermeable geomembrane is lined below the soil cover, 
water movement from the water table below is prevented. Vegetation can only rely on 
the rain retained in the shallow cover soil for growth. However, high bulk density also 
implies low infiltration of water down the soil. Drought can impair vegetation 
development on the landfill cover soil. 
Advance works have been carried out on the newly restored landfills to convert 
them to the more containment type. Landfill gas and landfill leachate generated are 
properly collected and treated. Contamination of landfill gas and leachate is thus 
effectively reduced in these sites. The adverse effects of landfill factors to vegetation 
development are minimized. However poor soil quality, nutrient deficiency and water 
stress remain challenging to revegetation on closed landfills. 
1.3 SOIL DEVELOPMENT ON DEGRADED LANDS 
Biological soil development are natural processes involving accumulation of soil 
organic matter, building up of soil nutrient pools, improvement of soil physical 
properties and re-establishment of efficient nutrient cycling (Bradshaw, 1997). 
Vegetation plays an important role in soil development (Bradshaw, 1983). Other 
natural processes such as atmospheric deposition and weathering of rock minerals also 
contribute to nutrient accumulation in soil during ecosystem development. 
Vegetation development can facilitate soil development on a degraded land. 
Plants can develop dense root system, which can extend into large soil mass. The 
roots exploit mineral nutrients from subsoil and the nutrients absorbed are brought up 
to the aboveground plant parts. Nutrients in plant biomass are returned back to the soil 
1 2 
via throughfall, litterfall and root sloughing. Plant litter and root residues are the 
major organic matter input into soil. Soil microorganisms would act on the dead plant 
tissue and nutrients in litter are released back to soil. As vegetation develops, nutrients 
from the subsoil are concentrated and translocated upward to the surface soil by plants. 
Vegetation development leads to the building up of soil organic matter and 
accumulation of mineral nutrients in the surface soil. 
Plant development also improves soil physical properties. Plant root proliferation 
can ameliorate high bulk density of the soil. Plant roots also stabilize soil structure by 
holding up the fine particles in soil and preventing erosion loss. Vegetation coverage 
can ameliorate extreme microclimate on soil surface, thus prevent overheating of the 
surface soil during hot summer, narrow temperature range and maintain soil moisture. 
Some plant species can associate with the symbiotic nitrogen-fixing bacteria and fix 
atmospheric nitrogen to the plant biomass. These plant species can grow on nutrient 
poor soil. Due to their nitrogen-fixing ability, they have high potential for improving 
soil quality (Fung, 1995). 
Soil organic matter builds up as vegetation develops. Soil organic matter 
accumulation can improve soil condition and make it more inhabitable for the soil 
microbes and plant growth (Anderson, 1995). Organic matter accumulation can be 
determined by primary production and decomposition rate. These processes are 
primarily regulated by climatic factors. Soil organic matter can buffer pH changes, 
increase soil water holding capacity and improve soil compaction. Organic matter is 
an important nutrient store in soil. Nutrients in organic matter are released slowly 
through mineralization. Organic matter can increase cation exchange capacity of soil 
and prevent leaching loss of nutrients. It can stabilize soil structure by formation of 
1 3 
aggregates with clay particles. The organo-mineral complex formed can promote root 
elongation. Organic matter accumulation is also beneficial to soil microorganisms. 
Soil microbes can utilize organic matter as their energy and nutrient source. Organic 
matter can also protect the soil microbes against the extreme climate. 
Restoration works such as introduction of the right plant species and application 
of fertilizer can promote vegetation development and thus soil development on a 
degraded land. Soil development is a slow and continuous process. It may take 
decades to reach the steady state. Our primary concern of ecosystem development 
rests on attaining sustainability and stability. 
1.4 NUTRIENT AVAILABILITY OF PLANTS ON CLOSED LANDFILLS 
Nutrient availability of plants can be determined by soil nutrient capital and rate 
of nutrient cycling. Nutrient availability can limit ecosystem development on closed 
landfills. For the newly planted vegetation, they can rely on the fertilizer added at 
planting for their growth. However the nutrient would be depleted quickly or lost 
through leaching. Development of root system allows them to exploit mineral 
nutrients from soil. Due to the subsoil nature of landfill cover soil, intrinsic soil 
nutrients can barely sustain the growth of the even hardy vegetation. Nutrients from 
an external source may be added to the ecosystem. Besides weathering from rock 
minerals, nutrients can enter the ecosystem through nitrogen fixation and atmospheric 
deposition. Atmospheric deposition can be an important nutrient source for plant 
during early succession, especially for plants develop from highly weathered soil 
(Rode, 1995). On some polluted areas, nutrient flux from atmospheric deposition can 
be substantial. 
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Plants take up mineral nutrients from soil to support their growth. The nutrients 
in aboveground plant biomass are returned back to the soil mainly through throughfall 
and litterfall (Vitousek & Sanford, 1986). Fine root decomposition and root exudates 
contribute to the belowground ecology. Throughfall returns simple and soluble 
nutrients to the soil, which are readily taken up by plants. Nutrients in litter are not 
available to plants unless litter decomposition proceeds. Decomposition involved 
complex physical and biochemical process; mediated by groups of soil 
microorganisms (Berg & McClaugherty, 1993). Rate of litter decomposition is 
regulated by climatic condition and site factors. Decomposition process may vary 
from weeks to decades to complete (Ambasht & Srivastava, 1995). Detritus food 
chain is completed as nutrients in litter are released gradually back to the soil. 
Efficient nutrient cycling is essential for maintaining sustainability of an ecosystem. 
Nitrogen is the most limiting nutrient for ecosystem development (Bradshaw, 
1999). Soil usually contains small amount of mineral nitrogen. Nitrogen in soil exists 
mainly in organic form (Barber, 1995). Nitrogen mineralization involves two major 
steps: breaking down of organic nitrogen and release of ammonium (ammonification); 
ammonium released is further converted to nitrites and nitrates (nitrification). 
Nitrogen mineralization is thus an important process governing nitrogen availability 
of the soil. Nitrogen availability is determined by soil nitrogen capital and rate of 
nitrogen mineralization (Bradshaw, 1983). 
As ecosystem develops, immobilization of nutrients in plant biomass, litter layer 
on woodland floor and soil organic matter occurs. The nutrient pools are important 
nutrient reserves within an ecosystem. Size of the nutrient stores and efficiency of 
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nutrient cycling between the nutrient pools become critical to sustainability and 
stability of an ecosystem. 
1.5 ECOSYSTEM DEVELOPMENT ON CLOSED LANDFILLS 
Ecosystem development on degraded land is a natural process. It can proceed 
without human aid. However, it is a slow process which can take decades to achieve 
the stable state (Bradshaw, 1997). Environmental constraints on the degraded land 
may limit the development, and degradation of the ecosystem may occur. Also, the 
new stable state can be unpredictable and may not suit future land development. 
Remediation works and proper site management should be carried out to achieve the 
restoration goal. 
Restoration on closed landfill can be considered to be primary succession on a 
severely degraded land suffering from soil destruction (Aber, 1987). The ground is 
bare and without any vegetation coverage. The imported cover soil is 
poorly-structured and devoid of nutrients and organic matter. Remediation works are 
carried out to facilitate ecological development. Common practices on local landfills 
are introduction of appropriate tree species and addition of fertilizers as nutrient 
source. Post-planting management works such as weeding and pruning are also 
carried out. 
Ecological development can be recognized as the restoration of both ecological 
function and structure (Bradshaw, 1987). Ecological function refers to the ecological 
processes, which includes productivity and nutrient cycling. Ecological structure 
refers to biomass, species richness, diversity and complexity of the ecosystem. 
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Restoration is the process that brings the ecosystem to exactly its original status 
(Bradshaw, 1987). However, in some situation it may be not economic or the time 
span is too long to achieve such goal. 
In restoring closed landfills, it is not realistic to achieve a complex and mature 
state in a few years. Instead, it may be more crucial to restore the ecological function 
and structure of an ecosystem to a new level, which is self-sustainable, stable and 
allow natural succession to take place (Bradshaw, 1997). The tough and fast growing 
exotic species are usually planted on closed landfills. They are more adapted to the 
adverse site condition. Vegetation growth leads to accumulation of soil nutrients and 
organic matter, improvement in soil structure, increase in biomass and 
re-establishment of nutrient cycles. Local plantations of exotic trees can be 
sustainable but probably of lower species richness and complexity during early 
ecosystem development compared with the indigenous woodlands (Zhuang, 1997). 
1.6 STUDY SITES 
1.6.1 Climate and weather 
Hong Kong is located on the southern coast of China, which belongs to the 
subtropical region, under the influence of monsoon climate. The mean annual rainfall 
is around 2214 mm and mean temperature is 23°C (Hong Kong Observatory, 2002). 
Summer in Hong Kong is hot and wet. During winter, the weather is cool and dry. 
Between May and September, weather is hot and wet in Hong Kong. Daytime 
temperature often exceeds 31°C. The hottest months are July and August, with mean 
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Figure 1.4 Mean monthly rainfall and temperature during the study (Hong Kong Observatory, 2004). 
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temperature reaching 28°C. The highest temperature reported was 36.1°C in August. 
Between May and September is the rainy season. Usually, about 80% of the annual 
rainfall is recorded in this period. The wettest month is August. Mean rainfall in this 
month was 391 mm. The coldest months are January and February. Mean temperature 
during the two months is 16°C. The lowest temperature recorded at the Observatory 
was 0°C in January. During the winter, temperature may sometimes fall below the 
freezing point at some locations such as at Tai Mo Shan. Between November and 
January is the dry period. The driest month is January, with mean rainfall of 23.4 mm. 
Field study was carried out from October 2001 to January 2003. Mean monthly 
temperature during the study period was 23.1°C, which was about the average (Figure 
1.4). Mean monthly temperature was highest between June and August 2002, and the 
mean temperature reported was 28°C. The coldest month was January 2003. Mean 
temperature of this month was 16.1°C. Total rainfall recorded during the sixteen 
months was 2571 mm. The wettest month was September 2002. Rainfall amount was 
723 mm. The dry period extended from October 2001 to February 2002. Rainfall was 
as low as about 4 mm in November 2001 and February 2002. Wet period started from 
May to September 2002. The total rainfall during this period was 1923 mm. 
1.6.2 Site description 
Patterns of nutrient cycling and nutrient availability were studied on two closed 
landfills: the Pillar Point Valley Landfill (PPV) (Plates 1.1-1.4) and the Tseung Kwan 
O II/III Landfill (TKO) (Plates 1.5 & 1.6). Three sites were situated at PPV and one 




Plate 1.2 Below tree canopy of the ten-year-old woodland PW92. 
瞧—m 
Plate 1.3 The seven-year-old woodland PW95. Forest gaps were still recorded. 
Ml 
Plate 1.4 The grassed platform PG97. Patches of bare ground were observed. 
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Plate 1.5 General view of Tseung Kwan O (TKO) Landfill (EPD, 2004). 
W W 
Plate 1.6 Grassed slope of TG99. 
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Figure 1.5 Location of the Pillar Point Valley Landfill (PPV) and the Tseung Kwan O 
II/III Landfill (TKO) (The Lands Department, 2005). 
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southern side of Castle Peak, Tuen Mun (Figure 1.5). TKO Landfill is located along 
the east coast of Tseung Kwan O Bay, southeast of the Tseung Kwan O New Town 
(Figure 1.5). Both landfills are valley-filled type with built-up platform. 
The PPV Landfill occupies 53 hectares of land. Waste disposal started in 1983 
and ended in 1996. The total waste received during its operation is 13 Mt (EPD, 2004). 
The PPV Landfill is an old landfill; restoration works have not been commenced 
during the study. The TKO Landfill occupies 42 hectares of land. The operation of the 
landfill started in 1989 and ended in 1994. The total waste received during this period 
is 12.6 Mt (EPD, 2004). The TKO Landfill is a newly restored containment type 
landfill. The final capping system, landfill gas management system and the leachate 
management system have been installed. 
1.6.3 Vegetation composition 
On PPV Landfill, four phases can be identified according to the time of 
completion and revegetation. Ecological study was carried out on three phases of the 
landfill. The oldest phase is located at the lower region of the landfill (designated as 
PW92). PW92 is a sloped woodland with an area of about 6.5 hectares. Hydroseeding 
was carried out in 1988 and tree planting was carried out four years later in 1992. The 
tree species planted and their coverage in 1998 are listed in Table 1.3. The trees 
planted were mainly exotic species. Theses exotic trees in general showed higher 
coverage than the natives. The dominant tree species were Leucaena leucocephaki. 
Acacia auriculiformis, A. confusa, Causuarina equiset[folia and Lophostcimm 
confertus (Table 1.4). 
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Table 1.3 Species planted at PW92 in 1992 and their percentage cover obtained in 
1998 (Lui, 1999). _ _ _ _ _ _ _ 
Sec ies — Number planted in 1992 Cover_(%)_in 1998 
Acacia confusa 6000 12.9 
Acacia auriculiformis 6000 8.85 
Causuarina equisetifolia 3000 5.45 
Lophostemon confertus 2 0 0 0 4 . 7 5 
Eucalyptus tereticornis 1107 0.05 
Rhaphiolepis indica 700 0.05 
Eucalyptus torelliana 430 0.05 
Mac hi I us breviflora 200 NP 
Machilus oreophila 200 NP 
Fucus microcarpa 63 NP 
NP denotes not present 
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Table 1.4 Ranking of species according to relative frequency and relative dominance 
at PW92 as measured in 1998 (Lui, 1999). 
Species Relative frequency (%) Relative dominance (%) 
Bidens hipinnata 11.5 22.3 
Leucaena leucocephala 8.97 17.0 
Acacia auriculiformis 8.97 12.6 
Wedelia trilobata 3.85 16.8 
Panicum maximum 11.5 8.99 
Acacia confusa 8.97 8.65 
Casuarina equisetifolia 6.41 4.64 
Lophostemon confertus 5.13 5.32 
Mikania micrantha 3.85 2.74 
Pennisetum alopecuroides 3.85 NS 
Lantana camara 2.56 0.39 
Bridelia tomentosa 2.56 0.10 
Ageratum conyzoides 2.56 NS 
Euphorbia heterophylla 2.56 NS 
Paederia scandens 2.56 NS 
Ischaemum aristatum 1.28 0.39 
Celtis sinensis 1.28 0.05 
Eucalyptus tereticornis 1.28 0.05 
Eucalyptus torelliana 1.28 0.05 
Ficus micro car pa 1.28 0.05 
Desmodium tortuosum 1.28 NS 
Ipomoea cairica 1.28 NS 
Ipomoea triloba 1.28 NS 
Pennisetum setosum 1.28 NS 
Pueraria phaseoloides 1.28 NS 
Urena lobata ^ 
NS denotes not significant 
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The second phase is located at the upper slope of PW92 (designated as PW95). 
PW95 is also a sloped woodland which occupied an area of about 8.5 hectares. The 
tree species planted and their coverage in 1998 are listed in Table 1.5. It was 
hydroseeded in 1990 and tree planting was carried out 1994 and 1995. Similar to 
PW92, more exotic trees were planted and their coverage recorded in 1998 was also 
higher than the native trees. The dominant tree species are A. auriculiformis, A. 
confusa, C. equisetifolia and L confertus (Table 1.6). The third phase is a grassed 
platform on top of the landfill with an area of about 22.5 hectares (designated as 
PG97). Hydroseeding was carried out in 1997 and tree planting was not done. The 
grass seed mix was Cynodon dactylon and P asp alum notatum with the addition of 
Lolium perenne seeds in the winter mix. Vegetation composition of the site was 
presented in Table 1.7. Plants recorded were mainly non-woody species. 
Table 1.5 Species planted at PW95 in 1994 and 1995 and their percentage cover 
obtained in 1998 (Lui, 1999). _ _ 
Species Number planted in 1994 & 95 Cover (%) in 1998 
Acacia auriculiformis 15500 16.5 
Acacia confusa 14000 9.45 
Lophostemon confertus 10000 3.85 
Causuarina equisetifolia 4500 2.25 
Eucalyptus torelliana 4000 1.15 
Alnus sp. 4000 0.25 
Liquidamber formosana 3000 0.10 
Castanopsis fissa 2000 0.10 
Sapim discolor 2000 0.05 
Machilus breviflora 1400 0.05 
Ptewcarpus indicus 1000 NS 
Cinnamomum camphora 500 NS 
Melaleuca quinquenervia 500 NS 
Pinus elliotti 500 NP 
Crateva religiosa 50 NP 
NS denotes not significant; NP denotes not present 
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Table 1.6 Ranking of species according to relative frequency and relative dominance 
at PW95 as measured in 1998 (Lui, 1999). 
Species — — Relative frequency (%) Relative dominance (%) 
Acacia auriculiformis 9.35 31.4 
Paspalum notatum 4.67 17.5 
Acacia confusa 8.41 8.98 
Panicum maximum 7.48 8.74 
Fimbristylis polytrichoides 2.80 12.5 
Ageratum conyzoides 5.61 9.12 
Casuarina equisetifolia 6.54 3.66 
Bidens bipinnata 5.61 3.04 
Lophostemon confertus 7.48 1.09 
Eucalyptus torelliana 4.67 2.14 
Pterocarpus indicus 4.67 0.24 
Pennisetum alopecuroides 3.74 0.38 
Lantana camara 3.74 NS 
Mimosa pudica 1.87 0.38 
Smilax china 1.87 0.38 
Cassia surattensis 1.87 0.10 
Castanopsis fissa 1.87 0.10 
Liqudambar formosana 1.87 0.10 
Conyza bonariensis 1.87 NS 
Paederia scandens 1.87 NS 
Sonchus arvensis 1.87 NS 
Bridelia tomentosa 0.93 0.05 
Cinnamomum camphora 0.93 0.05 
Leucaena leucocephala 0.93 0.05 
Melaleuca quinquenervia 0.93 0.05 
Baeckea frutescens 0.93 NS 
Desmodium tortuosum 0.93 NS 
Emilia sonchifolia 0.93 NS 
Sesbania cochinchinensis 0.93 NS 
Solarium nigrum 0.93 NS 
Blechnum orientale 0.93 NS 
Wikstroemia indie a 0.93 NS 
NS denotes not significant 
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Table 1.7 Ranking of species according to relative frequency and relative dominance 
at PG97 (Lui, 1999). 
Species Relative frequency (%) Relative dominance (%) 
Cynodon dactylon 20.0 80.2 
Paspalim notatum 20.0 19.8 
Scleria ciliaris 16.0 NS 
Ischaemum ahstatum 10.0 NS 
Pteroloma triquetrum 8.00 NS 
Smilax china 6.00 NS 
Acacia auriculiformis 2.00 NS 
Ageratum conyzoides 2.00 NS 
Arundinella setosa 2.00 NS 
Bidens bipinnata 2.00 NS 
Cyperus rotundus 2.00 NS 
Cyperus polystachyos 2.00 NS 
Mimosa pudica 2.00 NS 
Sesbania cochinchinensis 2.00 NS 
Setaria glauca 2.00 NS 
Wikstroemia indica 2.00 NS _ _ _ _ _ _ 
NS denotes not significant 
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TKO Landfill (designated as TG99) consists of a gentle slope and a small 
platform. Total area of the site is 42 hectares. The whole area was hydroseeded in 
1998 and 1999. The grass seed mix was C dactylon, P. notatum and Eragrostis 
curvula with the addition of L. perenne seed in the winter mix. Trees have been 
planted on small area of the landfill. Ecological study was carried out on the grassed 
area only. 
1.7 OBJECTIVES AND SIGNIFICANCE OF STUDY 
In Hong Kong, land for future development is very limited. Closed landfills can 
provide lands for recreational purposes. However, restoration works and site 
management have to be carefully planned to minimize potential impacts to the public 
and the environment. Revegetation on the final soil cover following completion of 
engineering works are common restoration practices in Hong Kong. Revegetation can 
be a long-term solution to ecosystem rehabilitation (Bradshaw, 1983). Vegetation 
coverage can stabilize soil structure, ameliorate visual impact to the environment and 
provide green zone before future development. However revegetation failure is often 
experienced in restoring closed landfills. Nutrient deficiency is one of the major 
limiting factors to vegetation establishment on the degraded land. 
Previous studies on local closed landfills provided much information on 
characteristics of the cover soil and effects of landfill factors on vegetation growth 
(Wong & Yu, 1989a; Wong & Yu, 1989b; Chan et al” 1991; Wong et al., 1992; Chan 
et al., 1997). Poor vegetation establishment and adverse effects of landfill factors on 
plant growth are well recognized. However few works have been done on nutrient 
cycling and nutrient availability of vegetation on closed landfills. The target of landfill 
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restoration is to attain sustainability and stability of the ecosystem such that few or 
even no future maintenance works are required. Rate of nutrient cycling and nutrient 
availability are important factors in sustaining the ecosystem. 
We can rely on the advanced engineering works introduced on newly restored 
landfills to reduce site contamination from landfill factors. The success of preceding 
landscaping works still requires our careful planning of restoration scheme and site 
management works. Thorough understanding on ecosystem development is essential 
in future planning of restoration works. 
The objectives of the present study were to investigate nutrient cycling and 
nutrient availability on the cover soil of closed landfill after hydroseeding and tree 
planting. Soil organic matter and nutrient pools in the cover soil after revegetation 
were studied (Chapter 2). Litterfall and litter decomposition study were carried out to 
investigate pattern of nutrient turnover on the sites where tree planting has been 
carried out, i.e. PW92 and PW95 (Chapters 3 & 4). Nitrogen is the most limiting 
nutrient on degraded land. Availability of nitrogen can limit early ecological 
development on a degraded land. Study on nitrogen mineralization was thus carried 
out to investigate nitrogen availability of the cover soil (Chapter 5). 
Revegetation on closed landfill is not always successful. One of the limiting 
factors hindering vegetation growth is nutrient deficiency. The results obtained can 
provide information on the effect of hydroseeding (PG97 and TG99) and tree planting 
(PW92 and PW95) on soil nutrient pool, nutrient turnover and nutrient availability on 
the cover soil of closed landfills. The information helps explain nutrient uses and 
nutrient demand at the restored site. The results can be useful in future planning of 
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restoration scheme and site management. 
Vegetation development and performance study have been carried out in the PPV 
Landfill (Lui, 1999). Results from the present study can provide further information 
on the development of ecological function after revegetation. This can give a more 
complete picture of ecosystem development on closed landfills, which increases our 
understanding on ecosystem development. 
The TKO Landfill is a newly restored landfill. The final capping system, landfill 
gas management system and the leachate management system have been installed. 
TG99 is thus adopted as a model for restored landfills. Since restoration works have 
been completed on the site, detrimental effects of the landfill factors to vegetation 
development are presumably reduced. By comparing the results from a newly restored 
landfill (TG99) with an old landfill (PG97), effects of restoration work on early 
ecological development on closed landfill can be assessed. 
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CHAPTER 2 PROPERTIES OF COVER SOIL ON CLOSED 
LANDFILLS 
2.1 INTRODUCTION 
Soil development in an ecosystem is closely related to vegetation development. 
Soil provides physical support for plants. Plants exploit nutrients from weathered rock 
minerals and organic matter decomposition to maintain their normal growth and 
propagation. They return the nutrients in the biomass to surface soil through litterfall, 
throughfall and root sloughing. Vegetation growth thus can promote the accumulation 
of available nutrients in soil (Barber, 1995). Soil organic matter is building up along 
with vegetation development until equilibrium between primary production and 
mineralization of organic residue is attained (Tate, 1985; Schwenke et cd.’ 2000). 
Organic matter is a major nutrient sink in soil. Organic matter stores in an ecosystem 
are affected by nutrient demand of the biota and climatic factors such as temperature 
and water supply. 
Biological soil development on degraded land is a natural process which can 
proceed without human aid (Bradshaw, 1997). However the process is slow and 
development of the ecosystem can be unexpected in some occasions. Remediation 
works is always recommended in restoring degraded lands. The ultimate target of 
rehabilitation should first be identified. This requires long-term planning and good 
knowledge in ecosystem development, ecological function and site-specific 
characteristics. 
The cover soil of landfills in Hong Kong is mainly completely decomposed 
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granite or volcanic soil from borrow areas. The imported soil bears the nature of 
subsoil, which contains low nutrient and organic matter contents and is acidic in 
reaction. The soil is poorly structured and soil layer shows no distinct zonation. 
Depending on the proposed development scheme, revegetation is a common practice 
on a closed landfill. The aim is to stabilize soil structure, ameliorate visual impact and 
achieve ecological self-sustainability. This ensures the feasibility of afteruse of the 
restored land. Poor quality of cover soil and landfill factors always prevent the 
success of vegetation establishment on closed landfills. 
Characteristics of cover soil of local landfills and effects of landfill factors on 
vegetation growth have been studied (Wong & Yu, 1989a; Wong & Yu, 1989b; Chan 
et al,, 1991; Wong et al., 1992; Chan et al., 1997). Poor vegetation establishment and 
adverse effects of landfill factors on plant growth are well recognized. However, they 
rarely give information on the soil development of the local landfills. Soil 
development in biological aspects involves the processes of accumulation of soil 
organic matter, building up of soil nutrient pool and the restoration of ecological 
functions (Bradshaw, 1997). 
The present study was carried out at two closed landfills, the PPV Landfill and 
the TKO Landfill (TG99). Three phases (PG97, PW95 and PW92) of different site 
ages at PPV Landfill were involved in the study. Soil development at the study sites 
after hydroseeding (TG99 and PG97) and tree planting (PW95 and PW92) was 
investigated. The three phases at PPV Landfill were under the influence of same 
climatic condition and topography. Different age of vegetation establishment between 
the study sites could be an important factor affecting properties of the cover soil of the 
sites. By comparing soil organic matter level and nutrient level of the study sites of 
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different site ages, we can get more information on processes of soil development 
after revegetation. It is hoped that soil factors limiting ecosystem rehabilitation can be 
identified. 
2.2 MATERIALS AND METHODS 
2.2.1 Field measurement and sample collection 
Field measurement and soil sampling were carried out on PPV Landfill and TKO 
Landfill in June 2002. On each of the three phases of PPV Landfill, ten sampling 
points were selected randomly. Twenty sampling point were selected randomly on 
TKO Landfill. TKO Landfill occupied larger area compared with other three study 
sites at PPV Landfill (Chapter 1). Greater variation between sampling points could be 
expected over a wider area of land thus larger sampling size on TKO was adopted. 
Gas samples of the soil atmosphere were collected at each sampling point with a 
steel probe of inner diameter 1.6 cm and 55 cm length, with the lower 15 cm 
perforated to facilitate gas movement between soil and the probe. The probe was 
driven into soil to a depth of 30 cm. The upper opening of the probe was sealed with 
parafilm and the probe was left for 15 minutes to allow gas content to reach 
equilibrium between soil and inside the probe. Landfill gas content including methane, 
carbon dioxide and oxygen were measured by using a portable gas analyzer (LFG-20, 
ADC, Herfordshire, England). 
Soil samples from the upper 15 cm depth were collected with a soil corer of 4 cm 
diameter from each sampling point. Another soil sample for bulk density analysis was 
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collected with the same technique and soil core was removed undisturbed from the 
sampler. 
2.2.2 Soil analysis 
Soil samples collected were air-dried for two weeks and passed through a 2 mm 
mesh size stainless steel sieve prior to laboratory analysis. pH and electrical 
conductivity was determined using a pH meter (Orion Research Inc., Boston, USA) 
and conductivity meter (Orion Research Inc., Boston, USA) after shaking with 
deionized water (soihwater ratio = 1:2.5) at 150 rpm for 1 hour. 
Soil texture was determined by Bouyoucos hydrometer method (Allen, 1974). 
Hydrometer reading was taken at 4 minutes 48 second and 5 hours after start of 
sedimentation for calculation of silt plus clay and clay content respectively after being 
dispersed by stirring with sodium hexametaphosphate solution in a stirring machine. 
The soil textural class was determined following the USDA classification system. 
Soil organic carbon was determined by the Walkley & Black method (Schnitzer, 
1982). Organic carbon was oxidized with potassium dichromate and amount of 
dichromate reduced was determined by titration with ferrous (II) sulphate. 
Total nitrogen content was determined based on the modified Berthelot reaction 
using a SAN '^"^ Segmented Flow Analyzer (Skalar Analytical B.V., Breda, Netherland) 
after Kjeldahl digestion by concentrated sulphuric acid at 360°C (Bremner & 
Mulvaney, 1982). Soil ammonium-nitrogen, nitrite- and nitrate-nitrogen were 
extracted with 1 M potassium chloride at 150 rpm for 1 hour (Keeney, 1982), and 
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determined by the modified Berthelot reaction and sulfanilamide method after 
cadmium reduction respectively using a segmented flow analyzer. 
Total phosphorus content was determined by molybdenum blue method using a 
segmented flow analyzer after mixed acid digestion (concentrated nitric 
acidxoncentrated sulphuric acid = 5:1) at \2(fC (Olsen & Sommer, 1982). 
Extractable ortho-phosphorus was determined by molybdenum blue method using a 
segmented flow analyzer after extraction with Troug's reagent (diluted and buffered 
sulphuric acid) at 150 rpm for 30 minutes (Allen, 1974). 
Total content of potassium, calcium and magnesium was measured by a Z-8100 
Flame Atomic Absorption Spectrophotometer (Hitachi, Tokyo, Japan) after mixed 
acid digestion (concentrated nitric acidxoncentrated sulphuric acid = 5:1) at 120°C 
(Olsen & Sommer, 1982). Extractable content of potassium, calcium and magnesium 
was measured by an Atomic Absorption Spectrophotometer after extraction with 1 M 
ammonium acetate (buffer at pH 7) at 150 rpm for 1 hour (Knudsen et al” 1982). 
For soil bulk density analysis, soil samples collected were oven dried at 105°C 
for 3 days to determine the oven-dried weight. Volume of the soil core was equal to 
inner volume the soil corer. Soil bulk density could be calculated as soil oven-dried 
weight / soil volume (Blake & Hartge, 1982). 
2.2.3 Statistical analysis 
The differences in soil properties and landfill gas content between the study sites 
were determined by one-way analysis of variance (ANOVA). Due to unequal sample 
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sizes of the sites (n=10 at PW92, PW95 and PG97; n=20 at TG99), Tukey-Kramer 
Method at p<0.05 was used to detect any significant differences between the sites 
(Dunnett, 1980a; Stoline, 1981; Day & Quinn, 1989; Sokal & RoWf, 1995). All data 
was analyzed by Statistical Package for the Social Science (SPSS) for Windows 
Release 11.0.1. 
2.3 RESULTS AND DISCUSSION 
2.3.1 Landfill gas 
Landfill gas emission can hinder vegetation development on landfill (Wong, 
1988; Wong & Yu, 1989; Chan et al., 1991). Methane and carbon dioxide were the 
major components of landfill gas (Table 1.1). Methane content in cover soil was in 
general low for the two landfills (Table 2.1) compared with the typical level of about 
60% (Table 1.1). At TKO Landfill, methane content was below detectable limit for all 
the sampling points. The gas level ranged from below detectable limit to 1.11% in 
average among the three phases at PPV Landfill. Methane contents were below 
detectable level for most of the sampling points. At a few sampling points, methane 
content was however up to 5.8% on PG97 and 8.5% on PW95. Landfill gas 
contamination could still be a problem at some gas emission ‘hot spot, on PPV 
Landfill. Methane gas was reported to be non-toxic to plant (Flower et al., 1981). The 
adverse effect to plant was due to displacement of soil oxygen by the gas and 
generation of a partial anaerobic condition (Tosh et al., 1992). 
Carbon dioxide content was in general higher at PPV Landfill. 2.24% was 
detected at PG97. Carbon dioxide dissolved in soil solution can become a source of 
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soil acidity. Elevated carbon dioxide level can be detrimental to plant. High carbon 
dioxide content in soil can affect normal functioning of plant roots and inhibit normal 
growth of the plant (Marchiol et al, 1999). Mean oxygen content for TKO Landfill 
and PPV Landfill was 15.4% and 15.1% respectively and there is no significant 
difference between individual study sites. Normal growth of most plant can be 
maintained at this oxygen level in soil atmosphere. 
Table 2.1 Landfill gas content of the study sites. 
TKO PPV 
TG99 PG97 PW95 PW92 
Mean Range Mean Range Mean Range Mean Range 
Methane 0.00 a 0.00 1.11 a 0.00-5.80 0.94 a 0.00-8.50 0.00 a 0.00 
(%) 
Carbon 1.25 a 0.30-2.54 2.24 a 0.00-12.0 1.81a 0.00-8.90 0.34 a 0.00-1.04 
dioxide 
(%) 
Oxygen 15.4 a 14.9-15.7 14.9 a 11.0-16.0 15.0 a 14.0-16.0 15.4 a 14.8-15.7 
W 
Mean values followed by the same letter within a row are not significantly different at 
p<0.05 level by the Tukey-Kramer Method. 
Facilities for control and collection of landfill gas have been installed at TKO 
landfill which effectively reduce the risk of landfill gas contamination as indicated by 
lower methane and carbon dioxide contents when compared with the old-design PPV 
Landfill where restoration work have not been commenced (Chapter 1). 
2.3.2 Soil texture 
Soil from the study sites were classified texturally as sandy loam except PW92 


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































sites exceeded 60% with relatively less silt and clay content. This soil type is 
moderately coarse and light in texture. Soil in this textural class should contain large 
pores and is excellent in aeration and drainage which also implies that the soil is 
susceptible to drought (Brady, 1991). Even soil of the same textural group can show 
great variation in physical nature. Other factors include bulk density and soil organic 
matter content should also be considered in de termining soil property. 
2.3.3 Bulk density 
High bulk density of cover soil due to compaction by operation of heavy 
machinery is a common problem to plant growth on landfill. Plant root penetration 
can be restricted when bulk density exceeds 1.8 g cm'^ for a sandy soil (Landon, 1991; 
Barber, 1995). Nevertheless bulk density of the soil of the study sites were all within 
the critical range for root elongation (range from 1.30 g cm'^ in PW95 to 1.71 g cm'^ 
in PG97) (Table 2.2). As soil bulk density increases, the soil strength exerted on root 
penetration increases. At high bulk density, lower rate of root elongation and higher 
root diameter could be observed (Barber, 1995). 
High bulk density also implies reduced pore spaces. When bulk density exceeds 
1.3 g cm-3, air-filled pore spaces are reduced resulting in decrease in aeration of soil to 
an extent that hinders root growth (Landon, 1991). Tolerant level is higher for sandy 
soil. Permeability of air through soil layer and gaseous exchange between air and soil 
atmosphere are restricted. Besides highly compacted soil is of low water permeability 
thus is susceptible to waterlogging. 
Soil compaction can be relieved as vegetation develops (Lichter, 1998). Among 
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the study sites, bulk density was lower in the woodlands. Organic matter 
accumulation and root penetration of the woodland species in soil can ameliorate the 
compacted soil. 
2.3.4 pH 
All soil samples from the study sites were moderately to strongly acidic with pH 
value ranging from 4.86 to 6.29 (Table 2.2). Cover soil of the study sites were 
originated from decomposed granite which is acidic in nature. Soil acidity could thus 
be an inherent nature of the parent rock. Low soil pH was also reported for some other 
granite-based soil in Hong Kong (Fung, 1995; Tsang, 1997; Wong, 2003). 
Afforestation and vegetation development can acidify soil by uptake and 
redistribution of the cationic bases (Jobbagy & Jackson, 2003; Duan et al., 2004). On 
the two woodlands PW95 and PW92, plantation development withdrew considerable 
amount of cationic nutrients from soil and accumulate them in the growing biomass. 
This could partly explain the soil acidity of the woodlands. Besides organic acid 
produce from plant residue decomposition and carbon dioxide released from plant 
root metabolism can also be source of soil acidity for both woodlands (Bohn et al., 
1985). 
Soil from PW97 (pH 4.86) and PW95 (pH 4.89) were strongly acidic. There was 
no significant difference in soil pH between the grassed platform (PG97) and the 
seven year-old woodland (PW95). Ten years after tree planting, soil from PW92 was 
less acidic than PW95 and PG97. Higher organic matter content was detected in cover 
soil of PW92 (1.42% compared with 0.76% on PW95 and 0.23% on PG97). 
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Accumulation of soil organic matter offered extra exchange sites for hydrogen ions, 
which could buffer soil pH changes (Anderson, 1995). Soil organic matter can also 
retain cationic bases in soil which are susceptible to leaching loss. Level of cationic 
bases in soil was higher in the older woodland. Cations returned from vegetation were 
retained and accumulated in the surface soil. Building up of soil organic matter and 
recycling of cationic bases can ameliorate acidity of the soil from PW92. 
Availability of soil nutrients can change with soil pH. Level of available 
phosphorus was low in acidic soil. Cation exchange capacity can decrease with 
decreasing soil pH due to balance of negative charges on exchange sites by hydrogen 
ions and hydroxyl aluminium (Bohn et al., 1985). Solubility of aluminium and 
manganese are higher in acidic soil which can reach toxic level at extreme pH. Soil 
pH is a rate determining factor of enzymatic reactions. Microbial activities involved in 
nutrient cycling process such as decomposition and nitrification are restricted at 
extreme pH (Wardle, 1992). 
2.3.5 Electrical conductivity 
Electrical conductivity of cover soil varied from 0.13 to 0.22 mS cm"' (Table 2.2). 
Low electrical conductivity of the soil indicates that leachate contamination of the 
cover soil was not a problem for the study sites. Higher value was detected in soil on 
PW92. Vegetation growth encourages the accumulation of ions in soil. Plant roots 
absorb mineral nutrients from deep soil layer. Soluble ions flux back to the surface 
soil through litterfall, throughfall and root exudates (Barber, 1995). Besides, soil 
organic matter build-up during vegetation development can retain soluble ions in the 
exchange sites which are otherwise susceptible to leaching loss. 
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2.3.6 Organic carbon 
Soil organic carbon ranged from 0.23% at PG97 to 1.42% at PW92 (Table 2.2). 
Organic carbon content of the cover soil of all the study sites were considered to be 
low according to Landon (1991). Decomposed granite imported from borrow area 
consists of soil originated from both the subsoil and topsoil layer. Organic matter 
content in the soil is low. Organic matter accumulates in soil as vegetation develops 
after revegetation on the bare ground. Litterfall is the major aboveground organic 
matter input to the cover soil. Besides, plant root biomass decomposition and root 
exudates are also important sources of soil organic matter. 
TG99 (0.53%) showed higher soil organic carbon content than PG97 (0.23%), 
both of which were hydroseeded. It was observed that TG99 had much higher 
vegetation coverage than PG97. Besides, a thick layer of undecomposed vegetation 
residue which probably originated from previous years' growth was observed below 
the sward on TG99 which contributes to the soil organic matter content. 
Higher soil organic carbon content was detected in the woodlands than in the 
grasslands. Cover soil of the ten-year-old woodland PW92 showed significantly 
higher (p<0.05) organic carbon content than other sites. Soil organic matter level 
increases with successional age. On PW92 and PW95, trees have been planted for ten 
years and seven years respectively after hydroseeding and both woodlands have 
reached canopy closure. The tree species planted are fast growing and can withstand 
the adverse soil condition of landfills. Litterfall inputs during 2001/02 at PW92 and 
PW95 were 7870 kg ha'' and 7650 kg ha'! respectively (Chapter 3). Longer 
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restoration history of the woodlands allows higher accumulation of organic matter in 
the cover soil. 
Organic matter content in soil can increase with site age after vegetation 
establishment (Berendse, 1990; Olff et al., 1993; Lichter, 1998). Organic carbon 
content in the surface soil of two local climax forests Tai Om and Mui Tsz Lum can 
reach 4.14% and 4.48% respectively (Chau & Marafa, 1999). There are a number of 
factors influencing the amount of organic matter in soil at equilibrium state. Climatic 
and environmental factors are most important in determining soil organic matter level 
(Bohn et al., 1985; Oades, 1995). Climate is one of the selective pressures on the plant 
species that can grow in an ecosystem. Temperature and water regime can influence 
rate of primary production, decomposition and mineralization. Organic matter store in 
soil represents an equilibrium between these ecological processes (Anderson, 1995). 
In tropical region, turnover rate of soil organic matter can be high. Under high 
temperature and moisture condition, rate of primary production thus rate of organic 
residue input and mineralization are high. Besides, some other soil factors such as soil 
clay content can also affect organic matter level in soil. Organic matter can form 
aggregate with clay. The organo-mineral complexes formed can stabilize the organic 
matter against microbial degradation. Therefore when other factors keep constant 
organic matter content of a soil is usually higher with higher clay content. 
Soil organic matter is the bulk nutrient reserves of the soil ecosystem. Soluble 
nutrients are released through mineralization by soil microbes. It is thus a secure 
nutrient source for plant growth. Functional groups of soil organic matter offer 
exchange sites which can hold cationic nutrients in soil which is otherwise susceptible 
to leaching loss. The adsorbed nutrients are in equilibrium with those in soil solution 
and are readily released out. By the action of the exchange sites and complex 
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formation, organic matter can immobilize toxic metals in soil. They can also buffer 
out pH changes in soil. 
Soil organic matter can promote productivity of a land (Bauer & Black, 1994). It 
comprises of simple soluble compounds, partly decomposed plant or animal debris, 
soil microbial biomass and complex humic substances (Anderson, 1995). Each 
component contributes their roles in determining soil structure and soil fertility. Soil 
microbial biomass is known as the active soil organic matter pool (Syers, 1997). Their 
transformation rate is the highest among soil organic matter. This active soil nutrient 
sink is thus a major nutrient supply for plants in a well-developed ecosystem (Smith, 
1994). They also involve in soil biological processes of nutrient cycling. Humic 
substances play an important role in soil structure. They are complex structured and 
most recalcitrant organic matter in soil. The humified substances can form aggregate 
with soil minerals which can stabilize soil structure. They ameliorate soil bulk density 
and thus facilitate root penetration. They can also improve water availability of soil by 
enhancing soil water holding capacity. 
2.3.7 Nitrogen 
Nitrogen stores in soil exist mainly in organic matter. Inorganic nitrogen usually 
constitutes less than five percent of total soil nitrogen (Barber, 1995). On degraded 
land where organic matter in the cover soil has been depleted, nitrogen is always 
limiting in ecosystem development (Bloomfield et al., 1982; Olff et al., 1993; 
Claassen & Zasoski, 1998). 
In the present study, total soil nitrogen in the top 15 cm cover soil for the 
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woodland areas, PW92 and PW95 were 2240 kg ha"' and 1268 kg ha"' respectively. 
Significantly higher soil nitrogen content was detected in PW92. Total soil nitrogen 
pool increased with successional age. However, soil nitrogen level was still defined as 
low (<0.2%) for both woodlands according to Landon (1991). Bradshaw (1983) had 
suggested that at least 400 kg ha'' is required to support a self-sustaining ecosystem in 
tropical regions assuming that decomposition rate k=l. 
Tree planting on PW92 and PW95 had been carried out for ten and seven years 
respectively. The dominant tree species were Acacia confusa, A. auriculiformis, 
Casuarina equisetifolia and Leucaena leucocephala (Lui, 1999). These trees were 
nitrogen fixing species which can improve soil nitrogen content during establishment 
period. The tree species can form symbiotic association with the nitrogen fixing 
microorganisms and fix atmospheric nitrogen into usable form. Litter produced by the 
nitrogen fixing trees has low C/N ratio. Nitrogen in plant biomass can reach soil 
through throughfall, root exudation and decomposition of plant residue. These trees 
have high potential to improve soil quality and are thus widely used as pioneer species 
in restoring degraded land in Hong Kong (Chong, 1999). 
Total soil nitrogen contents of the grassed areas were significantly lower (p<0.05) 
than those of the woodland areas (0.36 mg g'丨 at TG99; 0.22 mg g'' at PG97; 0.65 mg 
g-i at PW95; 1.09 mg g"' at PW92) (Table 2.2). Nitrogen fertilizers had been added to 
both sites during hydroseeding. Tree was not planted on PG97 after hydroseeding in 
1997. Even five years after hydroseeding the grass showed sparse growth and little 
nitrogen was accumulated in the cover soil. Higher nitrogen content was detected in 
TG99. Nitrogen fixing herbs and shrubs such as Sesbania spp. and Desmodium spp. 
were found in TG99 (Chong, 2003). These plants fix atmospheric nitrogen which 
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contributes to the soil nitrogen pool. 
There was no significant difference in soil ammonium content for all the study 
sites, while significantly higher nitrate content was detected in the cover soil of PW92. 
Ammonium-nitrogen is the dominant soil mineral nitrogen in PW95, PG97 and TG99. 
Mineral nitrogen in soil can be released from soil organic matter through the process 
of mineralization. The first step of nitrogen mineralization is ammonification which 
release ammonium. Nitrate will form from ammonia through nitrification. Both 
processes are affected by environmental factors such as soil pH, temperature and 
moisture content. Different ammonification and nitrification patterns were detected 
between the sites (Chapter 5). This may partly explain the differences in soil 
ammonium and nitrate pools between the ecosystems. 
On old-design landfill, leachate contamination can be an ammonium source of 
the cover soil. Landfill leachate usually contains high concentration of ammonia. 
However the problem should have been resolved on newly restored landfills, where 
impermeable layer and drainage layer are installed at bottom and leachate collection 
and treatment facilities are adopted to prevent the uncontrolled release of leachate 
(Chapter 1). There were also other sources of nitrogen for the study sites. Mineral 
nitrogen can enter the soil ecosystem through atmospheric deposition and throughfall 
(Chapter 3). 
2.3.8 Phosphorus 
Total phosphorus content of the cover soil of the study sites ranged from 0.12 mg 
g-i in PG97 to 0.25 mg g ' in TG99 (Table 2.2). Significantly higher total soil 
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phosphorus was detected in TG99 (0.25 mg g'') and PW92 (0.22 mg g"'). Soil 
available phosphorus of all the study sites were considered to be low (Landon, 1991). 
There were no significant differences in available phosphorus content between the 
sites. Although cover soil of TG99 and PW92 contained higher amount of total 
phosphorus, nearly double that of the rest of the sites, the level of available fraction 
was similar among all sites. Only a small portion of the total phosphorus pool was 
available to plant or soil microbes. Most of which were probably locked up in soil 
organic matter, fixed by aluminium or iron into insoluble complex or existed as 
unweathered rock minerals. 
Weathering of rock minerals and atmospheric deposition are the important 
sources of soil phosphorus on degraded land. Vegetation can take up phosphorus from 
soil mineral layer and accumulates in their biomass during woodland development. 
Phosphorus in plant biomass returns back to soil through root exudation, root 
sloughing, litterfall and throughfall. As vegetation develops, phosphorus would 
accumulate in surface soil as component of organic matter. On highly weathered soil, 
organic phosphorus can make up to high proportion of total phosphorus (Lavelle & 
Spain, 2001). 
Level of available phosphorus in most soil is usually low (Brady, 1990; Barber, 
1995; Claassen & Zasoski, 1998). Phosphate ions in soil can form insoluble 
compounds with iron, aluminium, manganese, calcium and carbonates depending on 
soil pH. Soils of the study sites were acidic in reaction. Under acidic condition 
(pH<5.5) mineral phosphorus in soil can be immobilized by formation of insoluble 
compounds with aluminium and iron. This can lower the available phosphorus content 
on the cover soil of the study sites. The pH range that allows maximum inorganic 
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phosphorus availability is between pH 6-7, above which the solubility of calcium 
compounds of phosphorus would decrease and precipitation would occur. It has been 
suggested that organic anions produced in decomposition can decrease phosphate 
adsorption by competing for the same adsorption sites, thus increasing phosphorus 
availability in soil (Nziguheba et al., 1998). 
2.3.9 Potassium, calcium and magnesium 
Cover soil of PW92 contained significantly higher (p<0.05) available potassium 
content than other study sites (Table 2.2). Soils from PW92 (117 mg g'^) and TG99 
(86.2 mg g-i) were considered to have medium levels of available potassium (Landon, 
1991). For total content, soil from the grassland areas showed higher total potassium 
content than the two woodland areas. 
In most soil, more than 90% of the potassium exists as unavailable primary 
minerals (Brady, 1990). These minerals are quite resistant to weathering and only 
limited amount is released for plant uptake. Even though soil from PG97 contains 
high level of total potassium, most of which was probably locked up as primary 
mineral and not available for ecosystem development. Mineral potassium released 
through weathering can be uptaken by plant root and brought up to soil surface 
through litterfall and throughfall. Annual throughfall flux returns large quantity of 
potassium to the soil (Chapter 3). Vegetation growth promotes the building up of soil 
organic matter. Soil organic matter can hold up mineral potassium at the cation 
exchange sites which is otherwise susceptible to leaching loss. 
In general, both total and extractable contents of magnesium and calcium of the 
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cover soil were highest in PW92 (Table 2.2). Soil extractable calcium (1200 }jl g g'') 
and magnesium (87.7 " g g'') in PW92 were rated as medium and high respectively 
(Landon, 1991). It seemed that both cations were not limiting in surface soil of PW92. 
Vegetation growth and ecological development in PW92 facilitated the build-up of the 
cationic nutrient pools in surface soil. Atmospheric deposition also contributed to 
calcium and magnesium input to the soil ecosystem (Chapter 3). In contrast, both soil 
total and extractable pools of potassium, calcium and magnesium in the 
seven-year-old woodland (PW95) were more or less the same as its grassland 
counterpart (PG97) (Table 2.2). 
Distribution of nitrogen in soil profile is always found closely associated with 
distribution of soil organic matter (Olff et al., 1993; Jobbagy & Jackson, 2001). For 
the rock mineral origin nutrients (i.e. phosphorus and base cations), their vertical 
distribution in soil layer can be greatly influenced by nutrient cycling pattern, 
development stage of the ecosystem and nutrient allocation of vegetation (Jobbagy & 
Jackson, 2001). 
Redistribution of mineral nutrients in the soil profile can occur during woodland 
development (Miller, 1995; Jobbagy & Jackson, 2003). Trees withdraw mineral 
nutrients from soil and assimilate into their biomass. During early stage of woodland 
development, rate of nutrient return from vegetation probably lag behind rate of 
uptake in supporting the growing plant biomass. Net translocation of nutrients from 
soil to the stand biomass may lead to decline of exchangeable nutrients within the 
rooting zone of soil. Later as the plantation reach canopy closure, retranslocation of 
nutrients from the senescent leaves and nutrient cycling may be able to sustain the 
whole ecosystem (Breemen, 1995; Miller, 1995). Considerable amount of mineral 
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nutrients are recycled back to the soil from aboveground plant parts via throughfall 
and litterfall. Nutrients returned from vegetation are accumulated in surface soil as 
decomposing litter or soil organic matter. Nutrients that are cycled more tightly by 
vegetation can be concentrated at the upper soil profile (Jobbagy & Jackson, 2001). 
2.3.10 Soil development on degraded land 
Freshly excavated decomposed granite (stockpiling from Lam Tei Quarry as an 
example) contains trace amount of extractable nutrients (Table 2.3). Organic matter 
level and total nitrogen level in the soil were low. Vegetation develops on such soil 
should overcome the problems of nutrient deficiency and drought due to the low water 
holding capacity of the soil. Extreme climate and soil compaction usually prevent 
vegetation establishment on granitic soil of degraded land. Hydroseeding allows quick 
vegetation coverage on the bare ground. The fast growing grass coverage stabilizes 
soil structure and ameliorate extreme microclimate of the exposed soil surface. Grass 
litter input also leads to the accumulation of nutrient and organic matter in the surface 
soil. 
Depending on the development scheme of closed landfills, tree planting would 
be implemented following hydroseeding. Vegetation development can promote soil 
development. When comparing the sites in the present study, levels of soil nutrients 
including nitrogen, phosphorus, potassium, calcium and magnesium and organic 
matter improved with site age (PW92>PW95>PG97). Tree species commonly 
employed in restoring degraded land in Hong Kong are usually exotic pioneer tree 
species (Chong, 1999). They are fast growing and are able to withstand adverse site 
















































































































































































































































































































































































































































































































































































































































































































































































































































































































nitrogen and are known to have high capacity in improving soil fertility (Fung, 1995; 
Zhuang& Yau, 1999). 
PW92 and PW95, which had been reforested ten and seven years respectively, had 
developed into mixed woodlands. Soil nutrient content and organic matter level were 
comparable with other three restored landfills in Hong Kong. Comparing with the feng 
shui forest (MTL) that is regarded as the climax forest in Hong Kong and the 
forty-year-old Pinus massoniana woodland developed on granitic soil (TTW), organic 
carbon and total nitrogen content of soil in the present study were much lower. Organic 
matter content in soil is closely related to ecosystem development on degraded land 
(Zarin & Johnson, 1995; Schwenke et al” 2000). Nevertheless, extractable cationic 
nutrient contents in soils in the present study were comparable with the two well 
developed forests. 
2.4 CONCLUSION 
Cover soils of the four study sites were generally poor in nutrient and organic matter 
content. Levels of soil nutrient and organic matter increased after revegetation. 
Comparatively higher content was detected at the two woodlands; soil from PW92 
showed the highest content. Vegetation development resulted in the building up of soil 
organic matter. Vegetation growth also promoted the accumulation of available nutrients 
in surface soil. Soil quality was thus improved as plant ecosystem re-established. 
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CHAPTER 3 LITTERFALL AND THROUGHFALL ON CLOSED 
LANDFILLS 
3.1 INTRODUCTION 
Vegetation takes up mineral nutrients from soil. Considerable amount of nutrients 
are then transported from roots to aboveground tissue to maintain normal functioning of 
the plant and support biomass growth. Nutrients trapped in aboveground plant tissues will 
be transferred back to soil. Throughfall, stemflow and litterfall are the major pathways of 
nutrient return from aboveground plant biomass to soil (Vitousek & Sanford, 1986). 
Efficiency of nutrient returned from plant and released from decomposing litter 
determines nutrient availability for plant growth and for soil microbes. 
Atmospheric deposition is an important nutrient source for ecosystem development 
during early succession, when soil nutrient pool is small and efficient nutrient cycling has 
not been established (Rode, 1995). Incident precipitation enriched with dust, aerosol and 
gases in the atmosphere passes through the tree canopy. Throughfall nutrient flux 
measures dry deposition of particulates on leaf surfaces and nutrient exchange at tree 
canopy. Nutrient enrichment from tree canopy in throughfall was suggested to be related 
to availability of the nutrients in the ecosystem (Brasell & Sinclair, 1983; Veneklaas, 
1990). Since the nutrients in throughfall are mainly ions or water soluble simple organic 
compounds, they are readily available for plant uptake. 
Litterfall represents part of the aboveground primary production of plant. Some 
nutrients in leaf are retranslocated before abscission from the plant and residue nutrients 
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are returned to soil via litterfall. Litterfall and litter decomposition are important 
processes of nutrient turnover. Litter production determines amount of organically bound 
nutrients returned back to soil and become available for detritus. Litter decomposition 
governs the proportion of mineral nutrients that are actually released back to soil. Both 
processes can influence the building up of nutrients and organic matter in soil during 
ecosystem development (Ambasht & Srivastava, 1995). 
As vegetation develops on closed landfill, nutrients are accumulated in the soil, the 
litter layer of woodland floor and the plant biomass. The efficiency of cycling of elements 
between the nutrient pools is critical in determining the nutrients available to ecosystem 
development (Scott et al., 1992). For the two woodlands PW92 and PW95, tree planting 
has been carried out for ten and seven years respectively. Both sites have reached canopy 
closure. Soil nutrient and organic matter pool were considered to be poor on both sites 
(Chapter 2). Sustainable development of the woodlands must depend on efficient nutrient 
turnover within the ecosystem. 
Litterfall and throughfall study was carried out in the two woodland areas (PW92 
and PW95) of PPV Landfill. Nutrient returned through litterfall and throughfall were 
studied. By comparing the two uneven-aged woodlands, changes in pattern of nutrient 
cycling during plantation development can be assessed. It is hoped that the study can 
provide more information on nutrient turnover in the woodlands developed on the 
nutrient poor cover soil of closed landfills. This can be useful in future planning of 
reforestation and site management. 
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3.2 MATERIALS AND METHODS 
3.2.1 Collection of throughfall and bulk precipitation 
Bulk precipitation and throughfall study was carried out between February 2002 and 
January 2003. Five funnel-top rain collectors plus a Clear View Rain Gauge 
(Cole-Parmer Instrument Company, Vernon, USA) were placed randomly and separately 
at both PW92 and PW95 for collection of throughfall sample (Galloway & Likens, 1976; 
Stewart, 1989). PG97 was the grassed platform of PPV Landfill, which lacks a canopy 
cover. The same experimental set up (one rain gauge and five collectors) was placed at 
PG97 for collection of bulk precipitation sample. 
The polythene rain collector had a 10 cm top funnel. A nylon-gauze was placed on 
top of the funnel to avoid contamination by insects or litter. The collection surface of the 
collectors was raised to 0.5 m aboveground to prevent splash contamination from soil. 
Throughfall and bulk precipitation samples were collected once every two weeks or after 
heavy rain. At each sample collection, the collection bottle was replaced with a clean one. 
Stemflow was not measured as nutrient flux from stemflow should be small compared 
with input from throughfall (Brasell & Sinclair, 1983; Veneklaas, 1990). 
The sample collected was acid preserved and stored at 士 4°C until analysis. 
Samples collected from each rain collector in one month were pooled for chemical 
analysis. Prior to chemical analysis, all the samples were passed through Whatman #42 
filter paper (Whatman International Limited, Maidstone, England). The data of bulk 
precipitation and throughfall was presented as kilogram nutrient per hectare on a monthly 
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basis. 
3.2.2 Collection of litterfall 
Litter trap technique (Proctor, 1983; Chapman, 1986) was employed in the litterfall 
study. Frame-type litter traps of size 1 m x 1 m x 0.15 m was set up on the floor of PW92 
and PW95 at 10 random sampling points for each site respectively. Litter traps were 
constructed with nylon mesh of 1 mm mesh size elevated above ground to 15 cm level to 
avoid the contamination by soil. 
Litter traps were set up at the study sites in September 2001. Litterfall study was 
carried out between October 2001 and September 2002. Litter fallen into litter traps was 
collected once every two weeks. Litter collected was sorted into different components 
included leaves, woody components (twigs, branches and bark) and reproductive parts 
(flowers and fruiting bodies). Dry weight of different litter components were determined 
after being oven-dried at 65°C for three days. Litter samples collected from each litter 
trap in one month was pooled by components. A sub-sample of 10 g was ground with a 
stainless steel electrical hammermill and passed through a screen of 0.5 mm mesh size for 
further chemical analysis. The data of litterfall was presented as kilogram litter per 
hectare or kilogram nutrient per hectare on a monthly basis. 
3.2.3 Chemical analysis 
3.2.3.1 Bulk precipitation and throughfall 
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Each sample was mixed thoroughly before chemical analysis. Total nitrogen and 
phosphorus contents were determined based on the modified Berthelot reaction and 
molybdenum blue method respectively using a SAN^'"' segmented flow analyzer (Skalar 
Analytical B.V., Breda, Netherland) after Kjeldahl digestion by concentrated sulphuric 
acid at 380°C (Bremner & Mulvaney, 1982). Content of potassium, calcium and 
magnesium was measured by a Z-8100 Flame Atomic Absorption Spectrophotometer 
(Hitachi, Tokyo, Japan). 
3.2.3.2 Litter 
Total nitrogen content was determined based on the modified Berthelot reaction 
using a SAN— segmented flow analyzer (Skalar Analytical B.V., Breda, Netherland) 
after Kjeldahl digestion by concentrated sulphuric acid at 360°C (Bremner & Mulvaney, 
1982). Total phosphorus content was determined by molybdenum blue method using a 
segmented flow analyzer after mixed acid digestion (concentrated nitric acidxoncentrated 
sulphuric acid = 1:1) at 120°C (Olsen & Sommer, 1982). Total contents of potassium, 
calcium and magnesium were measured by a Z-8100 Flame Atomic Absorption 
Spectrophotometer (Hitachi, Tokyo, Japan) after mixed acid digestion (concentrated nitric 
acidxoncentrated sulphuric acid = 1:1) at 120°C (Olsen & Sommer, 1982). 
3.2.4 Statistical analysis 
The differences in litter production, nutrient flux in litterfall and throughfall between 
the study sites were determined by student's t-test. Pearson correlation coefficients 
between precipitation amount and net throughfall nutrient flux were also calculated. All 
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data was analyzed by Statistical Package for the Social Science (SPSS) for Windows 
Release 11.0.1. 
3.3 RESULTS AND DISCUSSION 
3.3.1 Bulk precipitation and throughfall 
3.3.1.1 Temporal variation of nutrient deposition 
Annual rainfall measured at the study sites during the period was 2190 mm (Table 
3.1), which was slightly lower than the average annual rainfall in Hong Kong (2214 mm) 
(Hong Kong Observatory, 2003). Monthly rainfall between September 2001 and January 
2003 was shown in Figure 3.1. Sample collection started in February 2002 until January 
2003. Nearly 80% of annual rain fell between May and September. Highest monthly 
rainfall during this period was recorded in September 2003 during which rainfall amount 
exceeded 700 mm. In the dry months (between February and April; between November 
and January), mean monthly rainfall was about 60 mm. Rainfall amount was 
comparatively higher in March 2002 after prolonged dry period from October 2001. 
Rainfall amount measured in this month was 239 mm. 
Bulk precipitation measures the amount of nutrients in incident precipitation and dry 
deposition to the collector surface between rainfall events. Composition of precipitation 
can change as rain water passes through the canopy. Nutrients may be added or removed 
from rain water. Throughfall constituents can reflect nutrient content in incident 
precipitation, wash-off of deposited nutrients on leaf surfaces and nutrient leaching or 
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Figure 3.1 Monthly rainfall during the study period from September 2001 to January 2003 
(Hong Kong Observatory, 2003). 
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Table 3.1 Annual nutrient flux via bulk precipitation, throughfall and net throughfall 
(mean土standard deviation) on the study sites (n=5). 
— PW92 PW95 t；^ 
Precipitation (mm) 2190 2190 -
Throughfall (mm) 2010 1960 NS 
N Bulk precipitation (kg ha"') 10.812.62 10.8+2.62 -
Throughfall (kg h a ' ) 19.9±1.92 14.5±1.83 NS 
Net throughfall (kg h a ' ) 9.14 士2.99 3.70士 3.78 NS 
P Bulk precipitation (kg h a ' ) 7.75 士0.86 7.75±0.86 -
Throughfall (kg h a ' ) 7.14+0.45 7.04±1.06 NS 
Net throughfall (kg h a ' ) -0.62±0.45 -0.7210.36 NS 
K Bulk precipitation (kg h a ' ) 27.6+10.3 27.6士 10.3 -
Throughfall (kg ha-丨） 168士 10.4 112士 19.0 ** 
Net throughfall (kg ha-丨） 141 士 16.2 84.5±20.5 ** 
Ca Bulk precipitation (kg h a ' ) 20.7 士9.45 20.7±9.45 -
Throughfall (kg h a ' ) 46.7 士8.33 37.1±13.7 NS 
Net throughfall (kg h a ' ) 26.0 士 12.2 16.5+20.4 NS 
Mg Bulk precipitation (kg ha ' ) 9.01+3.24 9.01±3.24 -
Throughfall (kg h a ' ) 21.7+1.74 17.7 士 3.67 NS 
Net throughfall (kg ha ' ) 12.7 士3.80 8.66±5.83 NS 
For independent sample t-test between data from the studied sites, ** denotes significant 
difference at p<0.01 level; NS denotes not significant. 
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removal at tree canopy. 
Constituents of bulk precipitation can reflect origin of the rain water. Bulk 
precipitation can be natural or anthropogenic source. The Pillar Point Valley Landfill was 
located at Mong Hau Shek, south-west of Tuen Mun. The landfill was isolated from the 
central area of Tuen Mun. Some heavy industries including the Castle Peak Power Station, 
a steel mill and a cement work were situated nearby. Emissions from these industries can 
contribute to the atmospheric deposition of the study sites. 
Wind can bring the pollutants to the sites. Amount of pollutants reached the study 
areas was governed by wind direction, atmospheric turbulence and concentration of the 
pollutants (Erisman & Draaijers, 1995; Balestrini & Tagliaferri，2001). Some gases may 
diffuse and be absorbed directly through the stomata of leaf (Draaijers et. al., 1996). 
Small particulates and aerosols may adhere to the leaf surfaces or fall directly to the 
ground. Apart from environmental factors, characteristics of the woodland species can 
determine the amount of nutrients captured on leaf. Tree canopy structure, vegetation 
coverage and properties of the leaf surface can influence rate of deposition (Erisman & 
Draaijers, 1995). Pollutants in air can also be removed by rainfall. As rain water washes 
through the air, it brings together with particulates in air and some soluble gases and 
reaches the ground. 
Monthly nutrient flux in bulk precipitation and throughfall showed similar pattern of 
variation during the study period (Figures 3.2 and 3.3). Seasonal fluctuation in nutrient 
flux was observed for both measurements. Throughfall flux showed higher seasonality 
than bulk precipitation. Bulk precipitation was closely associated with rainfall amount. 
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Figure 3.2 Monthly return of (a) nitrogen, (b) phosphorus and (c) potassium in bulk precipitation 
and throughfall at PW92 and PW95. 
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Figure 3.3 Monthly return of (a) calcium and (b) magnesium in bulk precipitation and 
throughfall at PW92 and PW95. 
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Nutrient flux was generally higher during the wet season (from May to September 2002) 
and lower during the dry months (from February to May 2002 and October to January). 
Except phosphorus, nutrient flux was higher in throughfall than in bulk precipitation for 
most of the months during the study. 
Throughfall at PW92 and PW95 was 92% and 89% of annual rainfall respectively. 
Both sites showed similar seasonal pattern of nutrient return (Figures 3.2 and 3.3). In 
general, nutrient flux in throughfall was higher during the wetter months and lower 
during the dry period. Monthly nutrient flux followed closely with the trend of rainfall. 
Nutrient concentration in throughfall was generally lower when rainfall amount was 
higher. 
Monthly throughfall flux of most nutrients showed a bimodal pattern during the 
study period with peaks in May and September 2002 (Figures 3.2 and 3.3). Nutrient flux 
was low in February, March and April 2002. A small increase in nutrient return was 
detected in March, which corresponded to higher rainfall after months of dry weather. 
The first peak appeared in May; afterwards nutrient flux was maintained at fairly low 
level. For most of the nutrients measured, except phosphorus, throughfall flux showed a 
gradual increase throughout the growing season until another peak was reached in 
September. Between October 2002 and January 2003, throughfall flux remained at low 
level. 
Seasonal fluctuation in throughfall flux may partly reflect seasonal changes of 
atmospheric deposition. Atmospheric deposition can be influenced by climatic factors. 
Bulk precipitation was higher during the wet period and lower during the dry period, 
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which contributed to fluctuation of nutrient flux in throughfall. Air turbulence and wind 
direction can determine the amount of pollutants reaching the study sites. When the 
climatic factors vary seasonally, such variation could be eventually reflected in seasonal 
pattern of throughfall flux. 
Throughfall flux showed higher seasonality than bulk precipitation. There could be 
some other factors regulating throughfall flux at the study sites throughout the year. Net 
throughfall flux was calculated by subtracting nutrient deposition in bulk precipitation 
from that in throughfall. It is the net nutrient leaching or removal at tree canopy plus 
atmospheric deposition on leaf surfaces between each rainfall event. Correlation 
coefficients between monthly rainfall and net throughfall flux for both sites were 
determined (Table 3.2). Significant positive correlation was detected for most of the 
nutrients measured except phosphorus. Nutrient leaching from vegetation could be an 
important constituent in throughfall flux in the present study. Higher nutrient flux during 
wet season could be due to higher nutrient leaching from plant when rainfall was more 
abundant (Veneklaas, 1990; Potter et al, 1991; Lovett et al., 1997). Rainfall amount was 
presumably a dominant factor of seasonal pattern of throughfall flux at the study sites, 
affecting both nutrient flux from incident precipitation and nutrient leaching from 
vegetation. 
Gradual increase in throughfall flux of most of the nutrients measured throughout 
the growing season except phosphorus was observed on the study sites (Figures 3.2 and 
3.3). Throughfall flux reaches the maxima in September followed by a sharp decrease in 
October. Apart from rainfall amount, the observed fluctuation in throughfall deposition 
and thus rate of nutrient leaching can partly be explained by physiological status, physical 
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Table 3.2 Pearson correlation coefficients between monthly rainfall and net throughfall 
flux of nutrients on the study sites. 
•wwin a.L ^u_1.1. II-.�上 J .Iirr I tririii •immiiuii jm u n i i • • • � … . . � ‘ . …一 …权 - -. • i i r .. , • . 
Net throughfall flux P W — PW95 
N 0.876 *** 0.736 ** 
P 0.435 NS 0.374 ^^ 
K 0.910 *** 0.848 *** 
Ca 0.746 ** 0.703 * 
Mg 0.898 *** 0.782 ** 
NS denotes not significant; *p<0.05, **p<0.01 and ***p<0.001. 
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damages and nutrient supply to the leaf (Eaton et al, 1973). Leaching of nutrient from 
tree canopy was usually reported to be low at the beginning of growing season. Leaching 
rate increases throughout the growing season and attains the peak value before leaf 
senescence. Considerable amount of nutrients in leaf would be withdrawn before leaf 
abscission, while some elements such as calcium would be accumulated in leaf (Kumata 
et al., 1988). Leachable nutrient pool of leaf declines so as rate of nutrient leaching. 
f 
Litter decomposition can start before the leaf is detached from plant (Berg & 
McClaugherty, 2003). Some soluble constituents such as potassium are leached from leaf 
at early stage of decomposition. Whereas some decomposing microbes would act on 
senescing leaf while it is still attached to the plant. In such cases, immobilization of 
limiting nutrients from throughfall may be observed (Berg & McClaugherty, 2003). 
Throughfall flux was low during the non-growing season. For instance, in March 
and October 2002, although rainfall amount is comparable to that during the growing 
season (Figure 3.1)，throughfall flux in both months was much lower (Figures 3.2 and 
3.3). Seasonality of canopy coverage can influence both dry deposition and nutrient 
leaching from vegetation (Potter et al.’ 1991). Total area of leaf surface determines the 
total surface for canopy exchange. It is also the surface for dry deposition of nutrients. 
Lower canopy coverage in non-growing season could partly explain the observed lower 
throughfall flux during the period. 
3.3.1.2 Between site differences in nutrient flux 
Both throughfall and net throughfall flux showed higher nutrient return in PW92 
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than PW95 for most of the nutrients measured (Table 3.1). At both study sites, except 
phosphorus, net throughfall flux of nitrogen, potassium, calcium and magnesium was 
detected during the study period. Deposition ratio was calculated by dividing annual 
nutrient flux in throughfall by that in bulk precipitation (Table 3.3). 
Annual nitrogen deposition from throughfall flux was higher at PW92 (19.9 kg ha"') 
than PW95 (14.5 kg ha」）(Table 3.1). Net throughfall flux at PW92 was 9.14 kg ha ' , 
which was more than double that of PW95 (3.70 kg ha"'). Deposition ratio of nitrogen 
was higher at PW92 (Table 3.3). Incident precipitation was an important source of 
nitrogen in throughfall flux for both sites; which constituted up to 74% of total nitrogen 
flux in PW95 and 54% of total flux in PW92. For phosphorus, atmospheric input during 
the study year was 7.75 kg ha'^  (Table 3.1). Deposition ratio was less than one for both 
sites, which implied net removal of phosphorous from incident precipitation in both cases 
(Table 3.3). 
Potassium input from throughfall flux was significantly higher (p<0.05) at PW92 
(168 kg ha'') than that of PW95 (112 kg ha'') (Table 3.1). Deposition ratio of potassium 
was 6.1 for PW92 and 4.06 for PW95 respectively (Table 3.3). The ratio was high for 
both woodlands. Canopy enrichment (plant and atmospheric origins) was an important 
source of potassium on the study sites, which accounted for 84% and 75% of total 
throughfall flux in PW92 and PW95 respectively. Bulk precipitation contributed only 
27.6 kg ha-i potassium during the study period. 
Higher annual throughfall flux of both calcium and magnesium were detected at 
PW92 (Table 3.1). Incident precipitation contributed 20.7 kg ha'' calcium and 9.01 kg 
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Table 3.3 Deposition ratio of various nutrients of the study sites 
PW92 PW95 — - - - — 
N 1.85 J m 
P 0.92 0.91 
K 6.10 4.06 
Ca 2.26 1.80 
Mg 2.41 1.96 
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ha'i magnesium to PW92 during the study period. Deposition ratio of calcium and 
magnesium on PW92 was 2.26 and 2.41 respectively (Table 3.3). Canopy enrichment 
supplied 55% of total calcium and 58% of total magnesium in throughfall flux to the 
ten-year-old woodland. On PW95, deposition ratio of calcium was 1.8 and the ratio for 
magnesium was 1.96. Canopy enrichment added 44% of total calcium and 49% of total 
magnesium in throughfall deposition. Deposition ratios of the cations were higher at 
PW92 than PW95. 
Incident precipitation contributed considerable amount of nitrogen and phosphorus 
to throughfall deposition on both sites. For potassium, the major source was via canopy 
enrichment. Incident precipitation as well canopy enrichment were important source of 
calcium and magnesium on the woodlands. Deposition ratio was higher in PW92 for all 
the nutrients measured. Contribution of tree canopy enrichment to nutrient deposition was 
more significant on PW92. Composition of precipitation would change as it washed 
through the canopy. Since PW92 and PW95 received the same source of precipitation, the 
differences in throughfall nutrient flux between the study sites should be resulted from 
canopy exchange and wash-off of dry deposits on the canopy. 
Throughfall flux can be influenced by canopy structure, leaf morphology and 
vegetation coverage (Brasell & Sinclair, 1983; Veneklaas, 1990). Tree planting had been 
carried out for ten and seven years on PW92 and PW95 respectively. Both woodlands had 
reached canopy closure. A few exotic tree species planted previously dominated the sites. 
Acacia auriculiformis, A. confusa, Casuarina equisetifolia and Lophostemon confertus 
were the dominant tree species found on both woodlands (Tables 3.4 and 3.5). Leucaena 
leucocephala was a natural colonizer with highest frequency and dominance on PW92 
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Table 3.4 Ranking of tree species according to relative frequency and relative dominance 
at PW92 (Lui, 1999). 
Tree species Relative frequency (%) Relative dominance (%) 
Leucaena leucocephala 8.97 17.0 
Acacia auriculiformis 8.97 12.6 
Acacia confusa 8.97 8.65 
Casuarina equisetifolia 6.41 4.64 
Lophostemon confertus 5.13 5.32 
Bridelia tomentosa 2.56 0.10 
Celtis sinensis 1.28 0.05 
Eucalyptus tereticornis 1.28 0.05 
Eucalyptus torelUana 1.28 0.05 
Ficus micro carp a 1.28 0.05 
Table 3.5 Ranking of tree species according to relative frequency and relative dominance 
at PW95 (Lui, 1999). 
Tree species Relative frequency (%) Relative dominance (%) 
Acacia auriculiformis 9.35 31.4 
Acacia confusa 8.41 8.98 
Casuarina equisetifolia 6.54 3.66 
Lophostemon confertus 7.48 1.09 
Eucalyptus tore Hi ana 4.67 2.14 
Pterocarpus indicus 4.67 0.24 
Cassia surattensis 1.87 0.10 
Castanopsis fissa 1.87 0.10 
Liqudambar formosana 1.87 0.10 
Bridelia tomentosa 0.93 0.05 
Cinnamomum camphora 0.93 0.05 
Leucaena leucocephala 0.93 0.05 
Melaleuca quinquenervia 0.93 0.05 
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(Table 3.4). L leucocephala is a nitrogen fixer. It can grow fast and is a common pioneer 
species on abandoned or degraded lands. The tree crown of L. leucocephala is not broad 
and the canopy is not dense. It produces pinnately compound-leaf with small leaflets. 
This tree species was also found in PW95 but of much lower occurrence. The tree species 
with highest occurrence on the younger woodland PW95 was A. auriculiformis, which 
was the second most dominant tree species on PW92. The differences in relative coverage 
of individual tree species on each site and differences in canopy structure and leaf 
morphology between these tree species may partly explain the difference in throughfall 
chemistry between the sites. 
Higher canopy coverage was recorded at PW92 (Table 3.6). Canopy coverage was 
lower with forest gap at PW95. Tree canopy was well developed in the older woodland 
PW92 when compared with the younger woodland. Higher canopy coverage allowed 
larger leaf surface area for dry deposition and nutrient exchange during rainfall event, 
which could result in higher throughfall nutrient input. 
Nutrient enrichment from tree canopy in throughfall was closely related to availability of 
the nutrients in the ecosystem (Brasell & Sinclair, 1983; Veneklaas, 1990; Moreno & 
Gallardo, 2002). Amount of nutrient leaching from tree canopy could be higher for 
woodland developed on fertile soil (Vitousek & Sanford, 1986). Level of nutrient in 
throughfall deposition can reflect foliar nutrient concentration (Parker, 1983). Net 
throughfall flux was higher at PW92 than PW95 for most nutrients measured. As reported 
in Chapter 2, soil nutrient and organic matter contents were higher at PW92 than those of 
PW95. Higher net nutrient flux at PW92 may provide further evidence to higher nutrient 
availability in the cover soil of the ten-year-old woodland. 
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Table 3.6 Vegetation cover classified according to Braun-Blanquet scale on PW92 and 
PW95 (Lui, 1999). — — - —— — _ _ _ — 
Braun-Blanquet cover scale Relative percentage of grid cell 
PW92 — PW95 
< 1 % 0 0 
1-5% 0 0 
6-25% 0 0 
26-50% 0 2 
51-75% 1 2 
76-100% 99 96 
Mean cover (%) 87.8 86.5 
Area of each grid cell equals to 10 x 10 m^; 589 grids were located in PW92; 781 grids 
were located in PW95. 
7 5 
There was net removal of phosphorus from precipitation as rainfall passed through 
the canopy of both study sites. Net removal of nitrogen and phosphorus from 
precipitation has been reported in previous studies (Veneklaas, 1990; Lovett, 1992; Lovett 
et al., 1997; Gordon et al., 2000; Fan & Hong, 2001). Nitrogen and phosphorus are 
usually required in largest amount for most ecosystems. Net change in rainfall 
constituents at tree canopy can be related to stand age or nutrient limitation of the 
ecosystem (Parker, 1983; Gordon et al,, 2000; Fan & Hong, 2001). Precipitation 
chemistry can be influenced by epiphytes at tree canopy (Veneklaas, 1990; Coxson & 
Nadkami, 1995) resulting in either net uptake or net leaching. Nutrients can be 
immobilized by microbes on leaf surfaces. Plant leaves are also able to absorb nutrients 
directly from rain water at leaf surfaces (Erisman & Draaifers, 1995). 
Atmospheric deposition can be an important source of nutrients for an ecosystem 
especially during early successional stage (Rode, 1995). For vegetation developing on 
nutrient poor soil, efficient nutrient cycling has not been established; vegetation cannot 
obtain sufficient nutrients from soil to sustain their normal growth and support the 
growing biomass. Weathering of rock minerals is a slow process and thus not a reliable 
source of nutrients. The pioneer plants may have to rely on external nutrient sources. 
Since during early succession, the biomass is not large and nutrient demand is not great, 
nutrient requirement of the plants can be satisfied by atmospheric input and nitrogen 
transformed from nitrogen fixers (Rode, 1995). As ecosystem develops, soil organic 
matter and nutrients build up, plants can rely on uptake from soil and recycling of 
nutrients within the ecosystem to satisfy their needs. The importance of atmospheric input 
eventually diminishes. 
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3.3.2 Litter production 
Annual litter production was 7870 kg ha'' in PW92 and 7650 kg h a ' in PW95 (Table 
3.7). There was no significant difference (p<0.05) in annual litterfall amount between the 
two woodlands. Nevertheless, monthly litter production was higher in PW92 except 
November 2001, March 2002 and September 2002 (Figure 3.4). 
Litter collected was sorted into different components (Table 3.7). Leaf litter was the 
major component of litterfall for both woodlands. Proportion of leaf litter in annual litter 
production was higher in PW95 than PW92; up to 78% of the total was leaf litter. Leaf 
litter comprised 69% by weight of annual production in PW92. Proportion of both woody 
parts and reproductive parts in litterfall was higher in PW92, which comprised 23% 
(woody parts) and 8% (reproductive parts) of the annual loads respectively. Non-leaf 
litter made up of 22% of total litterfall on PW95. 
Seasonal fluctuation in litterfall was observed in the study sites (Figure 3.4). In 
general, both sites followed the same trend of variation with the highest litter production 
during late summer or early fall and lowest during the winter months. 
Litterfall amount peaked in October 2001 for both sites (Figure 3.4). During this 
single month, approximately 2000 kg ha'' litter was recorded at both woodlands. 
Afterwards litter production declined. Litterfall collected was lowest during the winter 
months i.e. December, January and February. In PW92, mean monthly litter production 
between December 2001 and February 2002 was about 200 kg ha"'. Litter production in 
PW95 also maintained at low level during this period; only 139 kg ha"' litterfall was 
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Figure 3.4 Monthly mean litterfall of the two woody sites on PPV Landfill. 
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Table 3.7 Annual litterfall dry mass and nutrient flux (mean士standard deviation) on the 
study sites (n=10). 
PW92 PW95 t ^ 
Leaf (kg ha-】） 5443+77^ 5941±1090 ^ 
Woody component (kg ha—i) 1793士294 1387+168 ** 
Reproductive parts (kg ha.i) 634士215 322士217 ** 
Total dry mass (kg ha'') 7870+766 7650±1220 NS 
Nutrient flux of litterfall 
N(kg ha ' ) 121±12.0 117±18.8 NS 
P(kgha-i) 3.15 土0.28 3.48±0.56 *** 
K(kgha-i) 21.3+2.40 23.4+4.34 NS 
Ca(kgha-i) 152 士 19.9 84.9±17.8 *** 
Mg(kgha-i) 16.5±1.86 13.1±2.42 NS 
For independent sample t-test between data from the studied sites, NS=not significant; ** 
p<0.01; *** pO.OOl. 
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recorded in January 2002 and the mean monthly litterfall of the three months was 160 kg 
ha人 Relatively higher litterfall was recorded during early growing season (from March to 
May). Substantial increase in litter production was observed in August, which eventually 
peaked in October. Total litterfall collected in the three months accounted for more than 
50% of annual litter production. 
Fluctuation in monthly nutrient return of litterfall in general followed the same 
trend of monthly litter production (Figures 3.5 and 3.6). Nutrient returns were generally 
highest in October 2001, August 2002 and September 2002, while the level was lowest in 
December 2001, January 2002 and February 2002. Nutrient concentration of litter could 
vary from month to month. Monthly returns of potassium, calcium and magnesium 
during the early growing season (from March to May 2002) were actually comparable to 
the level recorded in late summer. 
There were no significant differences (p<0.05) in annual return of nitrogen, 
potassium and magnesium via litterfall between the two woodlands during the study 
period (Table 3.7). Annual return of nitrogen and magnesium in PW95 was 117 kg ha'^  
and 13.1 kg ha'' respectively. Comparatively higher flux was observed in PW92 (121 kg 
ha'' nitrogen and 16.5 kg ha"' magnesium). Annual flux of phosphorus and potassium was 
higher in PW95 than PW92, which returned 3.48 kg ha—丨 phoshporus and 23.4 kg ha—丨 
potassium to the woodland floor during the study period. Annual flux of phosphorus and 
potassium in PW92 was 3.15 kg ha'' and 21.3 kg ha'' respectively. Significantly higher 
(p<0.05) litterfall calcium flux was detected in PW92 during the study. Calcium flux in 
PW92 (152 kg ha"') was about double that of PW95 (84.9 kg ha''). 
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Figure 3.5 Monthly return of (a) nitrogen, (b) phosphorus and (c) potassium in litterfall 
at PW92 and PW95. 
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Figure 3.6 Monthly return of (a) calcium and (b) magnesium in litterfall at PW92 
and PW95. 
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Litter production can increase with plantation age (Ewel, 1976; Sharma & 
Ambasht, 1987; Lugo, 1992; Dames et al., 1998). Increase in litter production with site 
age can be due to community change during natural succession (Toky & Ramakrishnan 
1983; Rode, 1995). As vegetation develops on a disturbed ecosystem, net aboveground 
primary production increases and plant biomass grows. Litterfall as part of the net 
primary production would also rise. Litter production can be stabilized gradually as 
vegetation develops (Ewel, 1976). It can take decades or more to reach the steady litter 
production rate of a mature forest. 
Vegetation characters on each site could partly explain the observed litterfall 
pattern. Dominant tree species on the two study sites were fairly similar resulted from 
previous tree planting, except L. leucocephala which was the most frequent tree species 
on PW92 with much lower occurrence on PW95 (Tables 3.4 and 3.5). Individual species 
on the sites exhibited its own morphology (i.e. size, shape and nutrient content of leaf), 
growth habit and growth pattern (i.e. seasonal growth, flowering and fruiting habit). 
Differences in occurrence of individual species could influence litterfall pattern on the 
sites. Besides, canopy cover may also influence litterfall amount. Trees on the older 
woodland PW92 had been grown for ten years; three years prior to tree planting on PW95. 
Canopy coverage was denser at PW92 (Table 3.6). Denser tree canopy at the older 
woodland may reveal higher annual litter production at PW92 (Brasell & Sinclair, 1983). 
Nutrient availability can influence litterfall amount and nutrient content of the litter 
and thus nutrient return in litterfall (Vitousek, 1984; Vitousek & Sanford, 1986). Higher 
litter production and larger amount of litterfall nutrient return could be expected in 
woodland developed on fertile soil. In the present study, nutrient level of the cover soil 
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was higher in PW92 (Chapter 3). Nonetheless, on PW92 significantly higher litterfall 
nutrient return was detected in calcium flux only. Litterfall flux of nitrogen and 
magnesium was higher in PW92, while return of phosphorus and potassium was higher in 
PW95. 
Before abscission of leaves, nutrients in leaves would be retranslocated back to 
plants. Nutrient content in litter is always lower than fresh leaves, except calcium. 
Re-absorption of this cation is usually low. Amount of nutrient retrans I octed from 
senescent leave can determine nutrient flux in litterfall. Retranslocation is an important 
strategy of efficient nutrient use of plants especially for those growing on nutrient poor 
soil. Nutrient cycling can be tight as an ecosystem approach maturity (Gholz et al., 1985; 
Lugo, 1992). Large quantity of nutrients is re-absorbed and nutrient needs of the 
vegetation can be satisfied in majority by retranslocation. 
Litter production and the relative proportion of each component can vary greatly 
from year to year. The present study recorded litterfall on the sites for one single year 
only. Nevertheless higher litterfall amount was detected in PW92 during the study period. 
The two woodlands were at different ages. The trees planted on each site could have 
reached different development stages and maturity, which might influence the relative 
proportion of each component in litterfall. Proportion of both wood and fruiting parts in 
litterfall was higher in PW92 than PW95 (Table 3.7). These components contributed 
significantly to the total litterfall amount. 
3.3.3 Nutrient flux in woodland 
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Throughfall and litterfall are important pathways of nutrient return from the 
aboveground plant biomass to the soil (Vitousek & Sanford, 1986). The relative 
contribution of each process to the annual nutrient flux on the study sites was presented in 
Figure 3.7. Litterfall was the major pathway of nitrogen return on both sites. More than 
• 
85% of the total nitrogen flux in PW92 was via litterfall. On PW95, close to 90% of the 
total flux was via litterfall. Net removal of phosphorus from bulk precipitation at tree 
canopy was detected on both sites. Throughfall deposition returned more phosphorus than 
litterfall to the woodlands during the study. Nearly 70% of the total phosphorus flux was 
via throughfall on the study sites. Throughfall played an important role in potassium 
return on both sites. Throughfall returned 83% of the total potassium flux to the soil on 
PW95. Up to 89% of the total flux on PW92 was via throughfall. Calcium input derived 
mainly from litterfali，which contributed nearly 70% of the total flux on PW95 and 76% 
of the total on PW92. Both throughfall and litterfall were important in magnesium return 
on the study sites. Throughfall flux contributed about 55% of total magnesium return on 
the two sites. 
Nutrients in throughfall are mainly ions or simple organic matter which when 
reaching the soil are readily available for plant and soil microorganisms. Nutrients can be 
absorbed by plants and returned back to the soil through leaching. Therefore nutrients are 
cycled quickly via throughfall within the ecosystem. Among the nutrients measured in the 
present study, potassium is the most leachable and returned mainly in throughfall. Even in 
decomposing litter, leaching loss of the nutrient can be great. Potassium is transferred 
quickly from fresh leaf back to soil in throughfall and become available for plant uptake 
again. Rainfall can influence the availability of nutrients from throughfall. Nutrient flux 
in throughfall is higher during the rainy season. 
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Figure 3.7 Annual nutrient fluxes via bulk precipitation, net throughfall and litterfall on 
(a) PW92 and (b) PW95. 
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In the present study, nutrients including nitrogen, calcium and magnesium are 
mainly returned through litterfall. Nutrients in litterfall are not readily available to 
plant and soil microbe unless decomposition proceeds. The availability of nutrients 
from litterfall is determined by decomposition rate of litter. Litter decomposition can 
take years to complete. Considerable amount of nutrients can be trapped in the litter 
layer on the woodland floor. Rate of litter decomposition can be influenced by 
environmental and climatic factors, presence of decomposers, initial litter quality and 
nutrient availability of the site. Decomposition rate can vary seasonally and the rate 
could be highest during hot and wet summer. 
The aboveground annual nutrient flux to the woodlands were estimated by 
summing up the total nutrient return in throughfall and litterfall during the study 
period (Table 3.8). Contribution of stem flow was omitted from the calculation. Total 
flux of nitrogen, potassium, calcium and magnesium were higher in PW92. Higher 
nutrient cycling efficiency and thus higher nutrient availability might be expected in 
PW92. However, nutrients in litterfall are not readily usable by plants. Therefore 
decomposition rate should be taken into account when considering the efficiency of 
nutrient turnover of the ecosystem. Rate of litter decomposition on the two woodlands 
would be examined in the next chapter. 
Table 3.8 Sum of annual nutrient flux via throughfall and litterfall on the study sites. 
Sum of nutrient flux PW92 PW95 
N (kg h a ' ) 141 132 
P(kgha-i) 10.3 10.5 
K(kg h a ' ) 189 135 
Ca(kgha-i) 199 122 
Mg (kg ha—i) 38.2 30.8 
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3.4 CONCLUSION 
Seasonal trend of throughfall and litterfall was observed during the study. Annual 
throughfall flux of nitrogen, phosphorus, potassium, calcium and magnesium were 
higher on PW92 than PW95. There was net input of nitrogen, potassium, calcium and 
magnesium from tree canopy to precipitation on both sites, while net removal of 
phosphorus was detected. Precipitation amount, canopy coverage, nutrient availability 
and species composition were important factors determining throughfall nutrient flux 
in the present study. 
Litter production during the study period was higher on PW92 than PW95. 
Litterfall returned more nitrogen, calcium and magnesium to the soil on PW92. 
Canopy coverage and species composition could influence litterfall pattern on the 
study sites. 
The aboveground annual nutrient flux to the study sites were estimated by 
summing up the total nutrient return in throughfall and litterfall during the study 
period. Total flux of nitrogen, potassium, calcium and magnesium were higher in 
PW92. Higher nutrient cycling efficiency and thus higher nutrient availability might 
be expected in PW92. 
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CHAPTER 4 LITTER DECOMPOSITION STUDY ON CLOSED 
LANDFILL 
4.1 INTRODUCTION 
Litterfall is the major pathway of nutrient flux from aboveground plant biomass 
to the woodland floor. Nutrients in litterfall are not readily taken up by soil microbes 
and plant uptake unless litter decomposition proceeds. Litter decomposition 
determines the proportion of nutrients in litterfall that is actually available to plant. 
Three phases showing different properties can be distinguished from the process 
of litter decomposition (Berg & McClaugherty, 2003). Early stage of decomposition 
involves degradation of the more soluble compounds. Rate of weight loss and nutrient 
loss was relatively high. Decomposition rate during this period is positively correlated 
with the nitrogen and phosphorus content of litter. Climatic factors also influence the 
decomposition rate. Later when most of the soluble organic compounds are released, 
decomposition of lignin starts. Rate of litter decomposition was determined by the 
rate of lignin degradation. Litter decomposition rate was low, and only limited amount 
of nutrients are released. The last stage is humus-near stage (Berg & McClaugherty, 
2003). The resulting humus is a complex and stable compound. 
From Chapter 3, the total nutrient flux from vegetation including litterfall and 
throughfall was in general higher in PW92 than PW95. Except calcium, nutrient 
returns in litterfall did not vary much between the two sites. Since vegetation cannot 
take up the nutrients in litterfall directly, nutrient returns in litterfall represent only the 
nutrients that are potentially available to plant. Therefore, higher nutrient load in 
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litterfall in PW92 did not promise a higher nutrient turnover rate and a higher nutrient 
availability on the site. Litter decomposition study was carried out to obtain a more 
complete view of nutrient cycling on the two woodland plantations on a closed 
landfill. Efficient nutrient cycling is critical in sustaining the ecosystem. 
Litter decomposition study was carried out in the woodland area (PW92 and 
PW95) of the PPV Landfill. Litter weight loss and nutrient loss were measured 
throughout the field exposure period. Litter decomposition rate and pattern of nutrient 
release of litter on the woodlands were investigated. By combining the findings from 
litterfall study and litter decomposition study, it is hoped that the results can provide 
more information on nutrient cycling and nutrient availability of the woodlands seven 
and ten years after tree planting respectively. 
4.2 MATERIALS AND METHODS 
4.2.1 Collection of litter 
Litterbag technique (Bocock, 1964; Chapman, 1986; Harmon et al., 1999) was 
employed in the litter decomposition study. Fresh litter was collected from PW92 and 
PW95 in October and November 2001 using litter traps (1 m x 1 m) set on woodland 
floor as described in Chapter 3. Leaf litter constituted the largest proportion of litter 
components in litterfall, which comprised 69% and 78% of annual litter production on 
PW92 and PW95 respectively (Chapter 3). Leaf litter was used in litterbag study. Leaf 
litter collected from each site was well mixed and air-dried for two weeks. Ten 
sub-samples of the leaf litter from individual site were reserved for the determination 
of initial substrate quality. 
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4.2.2 Preparation of litterbag 
Litterbag was constructed with two nylon mesh sheets of size 20 cm x 20 cm， 
with the upper sheet (the sheet facing upward) of mesh size 5 mm and the lower sheet 
(the sheet with direct contact with the ground) 1 mm mesh size which allow the entry 
of most macro fauna and mesofauna while the lower sheet retains the small leaf 
fragments formed during incubation. Ten grams air-dried litter (equivalent 
oven-dried-weight) was placed in each litterbag. 
Due to time constraint, litter decomposition study was carried out for six months. 
Only early stage of decomposition was monitored in the present study. Litter was 
placed back to the sites in April 2002. The litterbags were fixed in position with nylon 
string at 10 random sampling points at each of the study site. Two litterbags were 
retrieved randomly from each sampling point during each month until six months 
after incubation. There were totally six samplings during the study. 
4.2.3 Chemical analysis 
Soil particles or extraneous matter were removed and the litter was oven-dried at 
for 96 hours. Oven-dried weight of the litter was determined and the litter was 
ground for chemical analysis. Total nitrogen content was determined based on the 
modified Berthelot reaction using a SAN'''"^ segmented flow analyzer (Skalar 
Analytical B.V., Breda, Netherland) after Kjeldahl digestion by concentrated 
sulphuric acid at 360°C (Bremner & Mulvaney, 1982). Total phosphorus content 
was determined by molybdenum blue method using a segmented flow analyzer after 
mixed acid digestion (concentrated nitric acidxoncentrated sulphuric acid 二 1:1) at 
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(Olsen & Sommer, 1982). Total contents of potassium, calcium and magnesium 
were measured by a Z-8100 Flame Atomic Absorption Spectrophotometer (Hitachi, 
Tokyo, Japan) after mixed acid digestion (concentrated nitric acidxoncentrated 
sulphuric acid = 1:1) at 120°C (Olsen & Sommer, 1982). Organic carbon content was 
determined by Walkley-Black method (Schnitzer, 1982). 
4.2.4 Statistical analysis 
The differences in initial litter quality, weight loss and nutrient loss of litter after 
exposure period between the study sites were determined by student's t-test. All data 
was analyzed by Statistical Package for the Social Science (SPSS) for Windows 
Release 11.0.1. 
The data of mass loss of litter during exposure time were fit into the exponential 
function proposed by Olsen (1963) and Wieder and Lang (1982): 
Mt 二 Moe-kt 
where Mo is the initial mass, Mt is the mass at time t after exposure (in years) and k is 
the decomposition constant. 
4.3 RESULTS AND DISCUSSION 
4.3.1 Initial litter quality 
Mixed leaf litter was used in the litterbag study. The litter collected mainly came 
from A. auriculiformis, A. confusa, C, equisetifolia and L confertus since they were 
the dominant tree species on both sites (Chapter 2). Litter nutrient concentration 
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varied between the two sites (Table 4.1). Significant differences (p<0.05) were 
detected in concentration of nitrogen, potassium, calcium and magnesium between the 
litter collected from two sites. Nevertheless litter quality reflected by carbon to 
nutrient ratio did not vary much between the sites. Except C:P ratio, there were no 
significant differences in carbon to nutrient ratio between the litter from both 
woodlands. 
Nitrogen concentration of litter from PW92 (1.51%) was significantly higher 
(p<0.05) than litter from PW95 (1.37%). No significant difference was detected in 
C:N ratio of litter from the two sites. Nevertheless litter C:N ratio was higher in PW92 
(C:N=35.6) than PW95 (C:N=34.7). Phosphorus concentration was higher in litter 
from PW95 (0.037%). Litter from PW92 contained 0.036% phosphorus. C:P ratio of 
litter from PW92 was 1490, which was significantly higher (P<0.05) than the C:P 
ratio of litter from PW95 (C:P=1270). Litter phosphorus content was low for both 
woodlands. This could be reflected in high litter C:P ratio for the two sites. 
Potassium content of litter from PW95 (0.39%) was higher than litter from 
PW92 (0.30%). No significant difference was detected in litter C:K ratio, although 
C:K ratio was higher in PW92 (C:K=192) than the younger woodland (C:K=123). 
Significantly higher (P<0.05) calcium concentration was detected in litter from PW92 
(2.75%). Litter from PW95 contained 1.8% by weight calcium. C:Ca ratio of the litter 
from PW95 was 26.3, which was higher than the C:Ca ratio of litter from PW92 
(C:Ca=19.7). Litter from PW92 contained more magnesium (0.23%) than litter from 
PW95 (0.19%). C:Mg ratio of litter from PW92 was 236. Litter C:Mg ratio was 
higher in PW95 (C:Mg二252). 
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Table 4.1 Nutrient concentration and carbon to nutrient ratio (mean 士 standard 
deviation) of the litter before field exposure (n=10). 
—— PW92 PW95 t-test 
N (%) 1.51±0.16 1.37+0.19 *** 
C:N 35.6±3.71 34.9+5.42 NS 
P (%) 0.036±0.003 0.037±0.005 NS 
C : P 1 4 9 0 ± 1 1 5 1 2 7 0 ± 1 6 8 * 
K (%) 0.30±0.08 0.39+0.05 * 
C:K 192±54.1 123+16.4 NS 
Ca (%) 2.75±0.33 1.80+0.17 *** 
C:Ca 19.7±3.01 26.3±2.78 NS 
Mg (%) 0.23±0.02 0.19±0.02 ** 
C:Mg 236±24.3 252±24.1 NS — — — — 
For independent sample t-test between data from the study sites, NS=not significant; * 
p<0.05; ** p<0.01; *** pO.OOl. 
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4.3.2 Litter dry weight loss 
Litter decomposition study was carried out between April and October. Litter 
decomposition rate could be highest during this period due to the warm and wet 
weather. After field exposure for six months, 55% of the original dry mass was lost 
from the litter in PW92 (Figure 4.1). Cumulative weight loss of litter in PW95 was 
much lower, only 23% of weight loss was observed on the site. Significant difference 
(p<0.05) in weight loss was detected between the two sites (Table 4.2). 
The decomposition constant k of litter in PW92 for the six months exposure 
period was -1.74 (Table 4.3). The k value for PW95 is -0.59. This indicates a much 
higher decomposition rate of litter in the older woodland PW92. 
Litter quality can influence litter decomposition rate. Litter with higher initial 
nitrogen and phosphorus concentration and lower C:N and C:P ratios usually show 
higher decomposition rate (Aerts & De Caluwe, 1997). Nitrogen and phosphorus are 
the essential nutrients for microorganisms. Decomposers obtain their energy 
requirement from decomposition of litter. Nutrients from the decomposing litter 
provide the needs for growth of the microbial biomass. Therefore, biomass growth 
can be faster on litter from which they can obtain rich nutrient supply. Higher 
decomposer biomass may imply higher litter decomposition rate. However, nitrogen 
and phosphorus are always limiting in the nature. Usually, decomposers have to rely 
on external nutrient sources. Therefore nutrient availability of an ecosystem can also 
influence the decomposition rate of litter (Melillo et al” 1982; Hunt et al., 1988). 
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Figure 4.1 Cumulative weight loss of litter on the study sites (n=10). 
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Table 4.2 Percentage weight loss and nutrient loss from litter (mean土standard 
deviation) after field exposure for six months (n=10). 
PW92 PW95 t-test 
Dry weight (%) 55.4±22.5 23.1±3.84 ** 
N (%) 35.3±30.0 -11.5±6.95 *** 
P (%) 64.8±14.8 24.3±15.0 *** 
K (%) 93.9±2.37 91.6±4.10 NS 
Ca (%) 56.7±26.3 75.2士 14.7 NS 
Mg (%) 75.2±12.1 59.2±8.42 * 
For independent sample t-test between data from the study sites, NS=not significant; * 
p<0.05; ** p<0.01; *** p<0.001. 
Table 4.3 Decomposition constants (k) determined by the exponential model 
Mt=Moe-kt. 
PW92 -1.74 0.97 
PW95 -0.59 0.88 
r2: coefficient of determination indicates goodness of fit. 
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Soil microorganisms play an important role in litter decomposition and nutrient 
cycling (Smith, 1993). The microbes respond quickly to the changing soil 
environment. Soil microbial biomass and microbial activity are thus sensitive 
indicators of soil health (Stroo & Jencks, 1982; Sparling, 1997). In the present study, 
both soil organic matter and nutrient contents were higher in PW92 (Chapter 2). The 
pH level of the soil was near neutral (pH 6.9). These soil factors are all in favor for 
the growth of soil microorganisms. Microbial biomass in PW92 was expected to be 
greater than PW95. This implies that the microbial population involved in litter 
decomposition was higher in PW92. 
Litter decomposition rate can be influenced by temperature and moisture 
(Vitousek et al., 1994; Tofymow et al., 2002). Litter decomposition involved complex 
biochemical processes mediated by soil microorganisms. Microbial activities are 
sensitive to climatic condition (Wardle, 1992). Litter decomposition rate would be 
enhanced when temperature increase until the optimal temperature is reached. 
Decomposition can be suppressed under extreme climate. Microbial growth ceases 
and microbial activities decline at freezing degree. Microbial activity declines when 
temperature rises above the optimal level. Water regime can also affect microbial 
activities (Scott et al., 1996). Microorganisms are inactive under drought condition. 
Microbial activities can usually retrieve when rewetting. Other physical factors such 
as soil clay content and soil organic matter content can also influence the response of 
microorganism to its surrounding environment. Clay minerals and soil organic matter 
can protect soil microbes to withstand extreme climate. Thus the higher the content of 
the components in soil, the higher the resilient of the soil microbes to climatic 
changes. 
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Climatic factors were not investigated on the study sites. As the two sites were 
close to each other, macroclimate was expected to be similar on the woodlands. 
However some variations in microclimate between the sites existed. Vegetation 
coverage was higher in PW92 and woodland gaps were recorded in PW95 (Lui, 1999). 
Vegetation coverage can ameliorate extreme temperature and improve moisture 
content of surface soil; this provides a more optimal condition for litter decomposition. 
Higher vegetation coverage in PW92 might presumably have beneficial effects on 
litter decomposition. 
4.3.3 Changes in litter composition 
Cumulative weight loss and changes in carbon to nutrient ratio during field 
exposure were illustrated in Figures 4.2 and 4.3. Pattern of nutrient loss was generally 
similar for both sites (Figure 4.2). Percentage of dry weight loss for most nutrients 
measured after six months exposure period varied between the sites (Table 4.2). 
Significant differences (p<0.05) were detected in cumulative loss of nitrogen, 
phosphorus and magnesium. Except calcium, percentage of nutrient loss was higher in 
PW92 than PW95. The mobility of nutrients in the two sites was in the descending 
order of: 
PW92: K>Mg>P>Ca>N 
PW95: K > C a � M g � P � N 
Potassium showed the highest mobility while nitrogen showed the least for both sites 
among the nutrients measured. 
In PW92, net import of nitrogen into the decomposing litter was observed 
during early stage of field exposure (i.e. in May, June and July); while in PW95, net 
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import of nitrogen was detected throughout the study (Figure 4.2). Nitrogen 
immobilization peaked in June in both sites. In PW92, net release of nitrogen did not 
occurred until the forth month (i.e. August) after incubation. Cumulative weight loss 
of nitrogen reached 35.3% of initial dry weight after field exposure for six months 
(Table 4.2). Net immobilization of nitrogen in the decomposing litter after field 
exposure was detected in PW95. In both woodlands, the residual litter showed an 
increase in nitrogen concentration and decrease in C:N ratio (Table 4.4). Nitrogen 
concentration of litter in PW92 increased from 1.51% to 2.25%. Litter C:N ratio 
declined to 22.8. For the younger woodland, litter nitrogen concentration increased to 
1.99% and C:N ratio declined to 25.8. 
In PW92, net release of phosphorus from the litter was observed throughout the 
study (Figure 4.2). Percentage weight loss reached 64.8% after field exposure (Table 
4.2). In PW95, net accumulation of phosphorus was detected in the first four 
samplings, i.e. May to August. Thereafter net release of phosphorus from the litter 
was observed. Cumulative weight loss after field exposure was 24.3% (Table 4.2). 
There were relatively little changes in phosphorus concentration and C:P ratio of the 
litter in both sites after field exposure (Table 4.4). Phosphorus seemed to release 
simultaneously from the litter as organic matter decomposed. Cumulative weight loss 
of phosphorus from litter was higher in PW92 after field exposure for six months. 
The changes in potassium content of the decomposing litter showed an 
exponential pattern of loss, which was quite different from other nutrients measured 
(Figure 4.2). Potassium was highly mobile and was released rapidly from the litter 
through leaching (Berg & McClaugherty, 2003). Over 60% and nearly half of initial 
dry weight of litter in PW92 and PW95 respectively were released in the first 
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Table 4.4 Nutrient concentration and carbon to nutrient ratio of litter (meardistandard 
deviation) before and after field exposure (n=10). 
PW92 PW95 
Initial Final Initial Final 
N (%) 1.51±0.16 2.25士0.21 1.37±0.19 1.99±0.16 
C:N 35.6±3.71 2 2 . 8 ± 2 . 4 8 34.9±5.42 25.8+2.59 
P (%) 0.036±0.003 0.039+0.009 0.037+0.005 0.037±0.008 
C:P 1490±115 1370±313 1 2 7 0 ± 1 6 8 1 4 4 0 ± 3 3 3 
K (%) 0.30士0.08 0.05±0.02 0.39±0.05 0.04+0.02 
C:K 192±54.1 1 1 1 0 ± 3 2 8 123±16.4 1440±610 
Ca (%) 2.75±0.33 2.58±0.85 1.80±0.17 0.59±0.37 
C : C a 1 9 . 7士 3 . 0 1 2 1 . 2 ± 5 . 6 4 2 6 . 3土 2 . 7 8 1 3 5 ± 1 1 2 
Mg (%) 0.23±0.02 0.13土0.01 0.19±0.02 0.10±0.02 
C:Mg 236±24.3 398+35.5 252±24.1 535±136 
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sampling in May. Cumulative weight loss peaked in September after field exposure 
for five months. Over 95% of weight was loss at both sites. Due to the quick release 
of potassium through leaching, C:K ratio of litter increased greatly and potassium 
concentration showed drastic decline after incubation (Table 4.4). Potassium 
concentration of the litter declined from approximately 0.3% to 0.05% in PW92 and 
to 0.04% in PW95. Litter C:K ratio increased substantially to 1110 for PW92 and to 
1440 for PW95. 
Calcium did not accumulate in the decomposing litter on both woodlands (Figure 
4.2). Percentage weight loss was most rapid during the second month of incubation 
between May and June. Afterwards, weight loss tended to flat off. The variation in 
C:Ca ratio were quite different between the two sites (Figure 4.3). In PW92, C:Ca 
ratio was comparatively steady throughout the study; likewise calcium concentration 
did not change much after field exposure (Table 4.4). It seems that rate of calcium 
loss followed closely with carbon mineralization in PW92. Percentage weight of 
calcium after field exposure was 56.7% (Table 4.2). In contrast, litter C:Ca ratio in 
PW95 showed higher fluctuation throughout the study. Litter C:Ca ratio increased 
from 26.3 in fresh litter to 135 in residual litter (Table 4.4). Calcium concentration of 
the litter decreased from 1.8% to 0.59% after incubated. Cumulative weight loss of 
calcium was higher in PW95 after field exposure. 
Pattern of magnesium loss from litter on the two woodlands was similar to 
pattern of calcium loss (Figure 4.2). In PW92, net import of magnesium to the 
decomposing litter was detected during the first month of incubation; followed by 
rapid release of magnesium in the next sampling. Percentage weight loss reached 
75.2% after field exposure (Table 4.2). Net release of magnesium was observed 
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throughout the study in PW95. Weight loss after incubation was 59.2%. Percentage 
weight loss was higher in PW92. After six-months incubation, magnesium 
concentration decreased and litter C:Mg ratio increased for both sites (Table 4.4). 
Magnesium concentration declined from 0.23% to 0.13% in PW92. Litter C:Mg ratio 
increased from 236 to 398. In PW95, litter C:Mg ratio was doubled and magnesium 
concentration decreased from 0.19% to 0.1%. 
4.3.4 Nutrient dynamic of decomposing litter 
The mobility of nitrogen and phosphorus in litter can usually be predicted from 
their initial concentrations and C:nutrient ratios of the litter (Berg & Ekbohm, 1983; 
Aerts & De Caluwe, 1997). For litter with high initial concentration, quick release of 
nutrient is expected. For litter with low initial nutrient concentration, the 
microorganisms involved in decomposition processes cannot obtain sufficient 
nutrients from the decomposing litter. The microbes would immobilize mineral 
nutrients from the woodland floor to maintain their activities and support the biomass 
growth (Waid, 1969). As a result, net accumulation of nutrients in the decomposing 
litter would be observed. 
Nitrogen and phosphorus are usually the most limiting nutrients for an ecosystem 
(Barber, 1995). At initial stage of decomposition, the microbial population on litter 
can grow fast. Immobilization of the nutrients in decomposing litter by microflora is 
always observed (Vitousek & Sanford, 1986). In the present study, patterns of release 
of nitrogen and phosphorus from the decomposing litter were fairly similar: 
Immobilization of nutrients in the decomposing litter during early stage of 
decomposition, was followed by their gradual release in the later days. Release of 
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nitrogen from litter after field exposure was detected in PW92 only and percentage 
loss was 35.3%. Net immobilization of the nutrient was observed in PW95. Net 
release of phosphorus from litter was detected in both sites after incubation. 
Percentage loss of phosphorus from litter in PW92 and PW95 was 64.8% and 24.3% 
respectively (Table 4.2). Immobilization of nitrogen in decomposing litter was 
probably more intense than phosphorus in the study sites. This might imply that 
nitrogen was comparatively more limiting than phosphorus on both woodlands. 
Net immobilization of nitrogen occurred during initial stage of incubation in 
PW92. Afterwards nitrogen release was detected. In PW95, net release of nitrogen 
from litter was not achieved after field exposure for six months (Figure 4.2). When 
considering the initial litter quality of the two woodlands, litter from PW92 (1.51%) 
showed significantly (p<0.05) higher nitrogen concentration than litter from PW95 
(1.37%) (Table 4.2), although no significant difference was detected in C:N ratio of 
the litter. Higher nitrogen concentration of litter from PW92 could partly explain the 
faster release of nitrogen during decomposition. Soil nitrogen content was higher in 
PW92 than PW95 (Chapter 2). Annual nitrogen flux from throughfall and litterfall 
was also higher in PW92 (Chapter 3). Higher release rate of nitrogen in PW92 may 
indicate that nitrogen availability was higher in the older woodland. 
Net release of phosphorus from litter on PW92 observed the first month after 
incubation (Figure 4.2). For litter on PW95, net import of phosphorus to the 
decomposing litter was still detected four months after incubation. There were 
actually only small differences in initial litter quality between the two sites. 
Phosphorus content in cover soil was higher in PW92 than PW95 (Chapter 2). 
Phosphorus supply on the woodland floor was probably richer in PW92 than PW95. 
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Microbes in PW92 were presumably less starved for phosphorus and thus net release 
was detected. 
Nitrogen concentration in the residual litter increased after field exposure in both 
woodlands. Net import of nitrogen to the decomposing litter was detected on PW95. 
This could be due to immobilization of the nutrient by the decomposers. Apart from 
the nutrients obtained from the decomposing litter, nutrient demand of the 
decomposers can also be satisfied from external sources. Nutrients can be transported 
from the soil by flingal hyphae into the mycelium on litter. Some microorganisms on 
litter are able to fix atmospheric nitrogen, which contributes to net nitrogen import 
into the litter. Nutrients in throughfall flux can also be important nutrient source for 
the microbes (Laskowski et al., 1995). 
Potassium showed a quite different pattern of loss among the nutrients measured 
(Figure 4.2). Potassium ion is highly soluble and highly mobile. Litter potassium was 
usually not bound to structural components. It can be transferred quickly within the 
ecosystem (Barber, 1995). Potassium is released quickly from the decomposing litter 
through leaching (Berg & McClaugherty, 1993). Within five months, percentage loss 
of potassium had reached 95%. Afterwards a small increase in potassium 
concentration was detected in the last sampling. 
Calcium is associated with the structural compounds in plant tissue. The release 
of calcium from decomposing litter coincided with the degradation of the structural 
compound (Laskowski et al., 1995). Net accumulation of calcium can sometimes be 
detected during early stage of decomposition. Net release of calcium would not occur 
until the onset of lignin degradation during late stage of litter decomposition (Berg & 
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McClaugherty, 2003). In the present study, calcium did not accumulate in 
decomposing litter on both sites (Figure 4.2). In PW92, only little changes was 
detected in litter calcium concentration and C:Ca ratio after field exposure. Calcium 
was released simultaneously with organic matter decomposition. Rate of calcium 
release from litter was however quite fast in PW95. Residual litter showed increase in 
C:Ca ratio and decrease in calcium concentration after field exposure. 
Litter nutrients can be immobilized in humic substances formed during 
decomposition. Nitrogen is incorporated into humus during the process. Nitrogen 
concentration of the residual litter would increase with weight loss (Berg & 
McClaugherty, 2003). Amount of nitrogen immobilized is related to initial lignin 
content of the litter (Melillo et al., 1982; O'Connell, 1988), which was suggested to 
be related to the mass of humus formed. Humus is thus a nutrient sink in soil. 
4.3.5 Litterfall and litter decomposition 
Litter production and litter decomposition are important processes in nutrient 
cycling of an ecosystem (Ambasht & Srivastava, 1995). Litterfall determines the 
amount of organically bound nutrients from aboveground plant parts that are returned 
back to the soil and become available to the detritus. Litter decomposition determines 
the proportion of nutrients in litterfall that is actually available to plant. 
Vegetation cannot take up the nutrients in litterfall directly. Nutrient returns in 
litterfall represent only the nutrients that are potentially available to plants. Higher 
nutrient load in litterfall is therefore not always promise a higher nutrient turnover 
rate and a higher nutrient availability on the site. This is especially true for the 
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nutrients that are returned mainly through litterfall such as nitrogen, phosphorus, 
calcium and magnesium. 
Aboveground total nutrient return when summing up throughfall and litterfall 
flux was in general higher in PW92 than PW95. From Chapter 3，nutrient flux in 
litterfall in PW92 equaled 121 kg ha'' nitrogen, 3.15 kg ha"' phosphorus, 21.3 kg ha'' 
potassium, 152 kg ha"' calcium and 16.5 kg ha'' magnesium during the study period 
(Table 3.7). Litterfall returned 117 kg ha'^ nitrogen, 3.48 kg ha'^ phosphorus, 23.4 kg 
ha] potassium, 84.9 kg h a � c a l c i u m and 13.1 kg ha'! magnesium to the woodland 
floor in PW95 during the study. Except higher return of calcium in PW92, nutrients 
returned in litterfall did not vary much between the two woodlands. Rate of nutrient 
release from litterfall was probably higher in the older woodland due to much higher 
rate of litter decomposition. Except calcium, cumulative weight loss for most of the 
nutrients measured after field exposure was higher in litter on PW92 than PW95. This 
revealed that nutrient turnover could be more effective in PW92. Higher soil nutrient 
level (Chapter 2) and more efficient nutrient turnover rate in the older woodland 
implied that nutrient availability can be higher on the site. 
In the present study, litterfall flux on the two woodlands was highest during fall 
(Chapter 3). The dry and cool weather during the coming winter is not favorable to 
decomposition. Although the litterfall load on woodland floor was highest during this 
period, litter decomposition rate was low. Immobilization of nutrients on the litter 
could be high during early phase of decomposition; only limited amount of nutrients 
were released. Most of the nutrients trapped in litter would not be available to plant 
temporarily until spring when climatic condition is more favorable for microbial 
growth. Therefore nutrient availability from litterfall flux should highest in spring. 
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4.4 CONCLUSION 
Litter decomposition rate was much higher in PW92 (k value is -1.74) than 
PW95 (k value is -0.59). Net release of nitrogen, phosphorus and magnesium from 
litter was also significantly higher (p<0.05) in PW92 after field exposure. Higher litter 
decomposition rate and nutrient release from litter in PW92 could partly be explained 
by higher nutrient availability, better litter quality and more active decomposer 
activities of the site. 
In general, net immobilization of nitrogen and phosphorus in the litter was 
observed during the early stage of decomposition study. This might imply that both 
nutrients were quite limiting on the study sites. Release of potassium from litter was 
the fastest through leaching. Patterns of release of calcium and magnesium were fairly 
similar. 
Total nutrient return from aboveground plant biomass was higher in PW92 than 
PW95 (Chapter 3). Litter decomposition rate and nutrient release were higher at 
PW92. Consequently, nutrient turnover was probably more effective in PW92. Higher 
soil nutrient level (Chapter 2) and higher nutrient turnover rate in PW92 might imply 
higher nutrient availability of the site. 
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CHAPTER 5 NITROGEN MINERALIZATION ON CLOSED 
LANDFILLS 
5.1 INTRODUCTION 
Nitrogen in soil exists mainly in organic matter; inorganic nitrogen usually only 
constitutes a small part of total soil store (Barber, 1995). On degraded land, organic 
matter in the cover soil is removed or lost and nitrogen is always limiting in 
ecosystem development (Bloomfield et al., 1982; Claassen & Zasoski, 1998). 
During early stage of succession, since nitrogen is very limiting, nitrogen needs 
for ecosystem development are usually satisfied by external sources. In nature, 
nitrogen input to the ecosystem mainly comes from the process of fixation and 
atmospheric deposition (Brady, 1990). In order to facilitate the rehabilitation of a 
disturbed ecosystem, soil amendment and fertilizer are often applied as nitrogen 
supplement. 
In an undisturbed ecosystem, nutrient availability depends on both nutrient 
capital and efficiency of nutrient turnover in the ecosystem. Plant obtains mineral 
nutrients from soil to support their growth. Nutrients in plant biomass return back to 
the soil through litterfall at aboveground, and root exudates and fine root 
decomposition at belowground level. Soil microbes break down plant residues and 
release mineral nutrients to soil. Since mineral nutrient pool in soil is usually small 
(Barber, 1995), rate of decomposition and mineralization determine amount of 
nutrients available for vegetation development. 
Ill 
Net nitrogen mineralization is the amount of mineral nitrogen including 
ammonium-N and nitrate-N produced in soil within a certain period of time. It 
measures amount of mineral nitrogen released and is available for plant uptake. 
Nitrogen in soil organic matter is not available to plant growth until they were 
mineralized through microbial action. Ammonium is produced during the 
decomposition of soil organic nitrogen. This process is known as ammonification. 
Ammonium released in ammonification would be immobilized by soil microbes or 
taken up by plant. Ammonium in soil can also be oxidized to nitrate through the 
action of the nitrifying bacteria e.g. Nitrosomonas spp. and Nitrobacter spp. Soil 
microorganisms and plants also use nitrate as nitrogen source. 
From the findings in previous chapters, cover soil of restored landfills (PPV 
Landfill and TKO Landfill) was considered to be poor in nutrient and organic matter 
contents even ten years after tree planting (PW92). However the results did not give 
any information on nutrient turnover which can reflect ecological function of the 
rehabilitating ecosystem. Moreover, implications on nutrient availability of vegetation 
in the ecosystem could not be made by just considering the data of soil nutrient capital. 
Nitrogen is the most limiting nutrient in ecological development; its availability can 
be crucial to ecosystem rehabilitation. 
In situ nitrogen mineralization study was carried out at the PPV Landfill (PW92, 
PW95 and PG97) and TKO Landfill (TG99). Net nitrogen mineralization, leaching 
loss and plant uptake of mineral nitrogen in the cover soil of the restored landfills 
were investigated. The study sites were of different ages since closure. Soil nutrient 
and organic matter pool also varied between sites. By comparing the net nitrogen 
mineralization of the sites, we can obtain more information on nitrogen availability 
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and pattern of nitrogen turnover of the rehabilitated landfills. 
5.2 MATERIALS AND METHODS 
5.2.1 Soil sampling and incubation 
Soil mineral nitrogen fluxes were studied by using in situ sequential soil coring 
method (Raison et al., 1987). Net mineralization of nitrogen, plant uptake and 
leaching of mineral nitrogen on the cover soil was determined on a monthly basis. 
The study was carried out between November 2001 and November 2002. Soil 
sampling and incubation were carried out at ten sampling points selected randomly at 
each phase of PPV Landfill and twenty sampling points in TKO Landfill. TKO 
Landfill occupied larger area compared with other three study sites at PPV Landfill 
(Chapter 1). Greater variation between sampling points could be expected over a 
wider area of land thus larger sampling size on TKO was adopted. 
At the beginning of each month (t), a soil core (Nt) was collected by a 4 cm 
diameter cylindrical stainless steel tube from the surface 15 cm depth (Figure 5.1). At 
the same time, two open-ends stainless steel tubes were driven to the soil to the same 
depth. Plant uptake of nutrients from the enclosed soil core was thus prevented. One 
of the tubes was covered with plastic sheet on top (C) to eliminate the effect of 
leaching on mineral nutrient content of the enclosed soil core. Another tube was left 
open (O) thus to allow leaching of mineral nutrients from the enclosed soil core. The 
two soil cores were incubated in the site for one month until the next sampling. At the 
end of the month (t+1), the two incubated soil cores were retrieved and a new soil 
core was sampled (Nt+i)-
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5.2.2 Chemical analysis 
Samples were transported back to the laboratory, air-dried for 2 weeks and 
passed through a 2 mm mesh stainless steel sieve. Soil ammonium, nitrite and nitrate 
were extracted with 1 M potassium chloride at 150 rpm for 1 hour (Keeney, 1982), 
determined by the modified Berthelot reaction and sulfanilamide method after 
cadmium reduction respectively using a SAN '^"^ segmented flow analyzer (Skalar 
Analytical B.V., Breda, Netherland). 
5.2.3 Calculation for nitrogen mineralization, plant uptake and leaching loss 
Net nitrogen mineralization was calculated as net changes in mineral nitrogen 
content of the covered soil core after incubation. Plant uptake of nitrogen was 
calculated as the differences in mineral nitrogen content of the incubated open soil 
core and soil not enclosed in metal tube at the end of incubation period. Leaching of 
mineral nitrogen was calculated as the differences in mineral nitrogen content of the 
covered and open soil cores after incubation. 
Net nitrogen mineralization, leaching loss and plant uptake of mineral nitrogen 
were calculated by the following equations (Raison et al., 1987): 
- Net nitrogen mineralization (Nmin) 
Net ammonification: A NH4-N = NR^Nc - NH4-Nt 
Net nitrification: A NO3-N 二 NOs-Nc - NOs-Nt 
Net nitrogen mineralization = Net ammonification + Net nitirfication 
Nmin 二 ANH4-N + ANOs-N 
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- Plant uptake of mineral nitrogen (Nuptake) 
Uptake of ammonium-N: NH4-Nuptake = NO3-N0 - NOa-Nt+i 
Uptake of nitrate-N: NOs-Nuptake = NH4-N0 - NFL^Nt+i 
Nuptake = NH4-Nuptake + NOs-Nuptake 
- Leaching loss of mineral nitrogen (Nieaching) 
Leaching of ammonium-N: NH4-Nieaching = NFL^Nc -NH4-N0 
Leaching of nitrate-N: NOs-Nieaching = NC^-Nc - NO3-N0 
Nieaching = NH4-Nieaching + NOs-Nieaching 




Nt Nc No N … N e No 
At timet Attimet+1 
Figure 5.1 Sequential soil coring method in determining in situ N mineralization 
(Raison et al, 1987). 
5.2.4 Statistical analysis 
The differences in net nitrogen mineralization, net leaching loss and plant uptake 
of mineral nitrogen between the study sites were determined by one-way analysis of 
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variance (ANOVA). Due to unequal sample sizes of the sites (n=10 at PW92, PW95 
and PG97; n=20 at TG99), Tukey-Kramer Method at p<0.05 was used to detect any 
significant differences between the sites (Dunnett, 1980a; Stoline, 1981; Day & Quinn, 
1989; Sokal & Rohlf, 1995). All data was analyzed by Statistical Package for the 
Social Science (SPSS) for Windows Release 11.0.1. 
5.3 RESULTS AND DISCUSSION 
5.3.1 Net ammonification, nitrification and nitrogen mineralization 
Figure 5.2 showed the monthly rainfall and mean temperature during the study. 
Mean temperature during the study period was relatively higher between May and 
September 2002. Mean temperature maintained at 27°C or above in these months. 
Higher rainfall was also recorded during this period. Total rainfall of these five 
months was approximately 80% of the total rainfall during the study. Highest monthly 
rainfall was reported in September 2002. The weather was cool and dry between 
November 2001 and February 2002. During these four months, mean temperature was 
about 18°C and total rainfall was less than 80 mm. 
There was no clear seasonal variation in the monthly net ammonification at 
PW92 (Figure 5.3a). Nevertheless peak value was detected in March (13.3 kg N ha"'), 
May (15.1 kg N ha]) and August (11.9 kg N ha"'). Immobilization of ammonium 
nitrogen occurred in November, April, June and September. Monthly net 
ammonification was in general higher at PW95 than that of PW92. For PW95, 
ammonification was detected in most months except in February and October. Highest 
ammonification rate was observed during the summer months June (23.8 kg N ha'') 
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Figure 5.2 Monthly rainfall and mean temperature during the study. 
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and August (25.9 kg N ha"'). 
In the grasslands, PG97 and TG99, monthly net ammonification rate was low 
during the study period. Immobilization was detected in five to six months. In PG97 
net immobilization was recorded in November, December, February, May and 
October. Net immobilization was detected in November, December, February, April, 
June and September in TG99. Peak ammonification rate was found in August (24.9 kg 
N ha-i in PG97 and 19.6 kg N ha] in TG99) for both sites. 
Monthly net nitrification was highest at PW92 (Figure 5.3b). Net nitrification 
was detected in all months during the study period in PW92. Net nitrate production 
was also found in most of the months except in December in PW95. Nitrification was 
found highest in August (64.7 kg N h a ' in PW92 and 44.9 kg N ha^ in PW95) for 
both woodlands. Seasonal variation in nitrification was observed at both sites with the 
highest rate occurring during the growing season and was in general lower during the 
rest of the year. 
Monthly net nitrification was low at the two grasslands sites. Seasonal pattern of 
nitrification was not observed. Highest nitrification rate was detected in March for 
PG97 (7.86 kg N ha]). Net nitrification was detected in November, March, May, 
September and October and immobilization dominated over the rest of the sampling 
months. For TG99, net immobilization of nitrates was observed in November, 
December, April and June with the highest rate detected in May (14.8 kg N ha''). 
When comparing between the two woodlands, annual net ammonification was 
significantly higher at PW95 (125 kg ha]) than PW92 (26.3 kg ha"'), while the 
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Table 5.1 Annual net nitrogen mineralization, leaching loss and plant uptake of 
nitrogen (meardistandard deviation) of the cover soil in the study sites (n=10 for 
PW92, PW95 and PG97; n=20 for TG99). 
TG99 PG97 PW95 PW92 
Net N mineralization -23.9±26.0c -33.1+40.6 c 242土95.7 b 381±172a 
(kgha-丨） 
Net ammonification -15.8士8.27 b -13.6+35.6 b 125±114a 26.3+49.4 b 
(kgha-i) 
Net nitrification -8.15 土 10.9c -19.5±14.6c 117±73.7b 354±181 a 
(kgha-丨） 
Leaching loss of mineral N -15.8±18.8 b 11.5±35.1 b 78.0 士 138b 277±250 a 
(kgha-i) 
Plant uptake of mineral N 7.50+35.1 b -11.7±29.3b 180 土 136a 127±181 a 
(kgha-i) 
Mean values followed by the same letter within a row are not significantly different at 
p<0.05 level by the Tukey-Kramer Method. 
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reverse was true for annual net nitrification. Net nitrification at PW92 was 
significantly higher (354 kg h a ' ) than PW95 (117 kg ha"') (Table 5.1). Over 50% of 
net mineral nitrogen produce annually in the cover soil of PW95 was in ammonium 
form. In contrast, annual net ammonium-N production in PW92 accounted for only 
7% of net mineral nitrogen produced. Nitrification seemed to be more important in 
PW92 than in PW95, although it might also imply a higher immobililzation of nitrates 
in PW95. 
Due to lack of plant uptake and loss was insignificant within the metal tube, most 
ammonium produced in the enclosed soil core during incubation would either be 
immobilized by soil microbes or converted to nitrate by the nitrifiers. Surplus 
ammonium would accumulate in soil core and measured as net ammonification during 
incubation (Raison et a!., 1987). Annual net ammonification and nitrification of cover 
soil at PW92 was 26.3 kg ha'' and 354 kg ha"' respectively. This may imply that 
considerable amount of ammonium produced in cover soil of PW92 was nitrified and 
added into the soil nitrate pool. Effect of heterotrophic nitrifiers, which can convert 
organic nitrogen directly into nitrates, may also contribute to net nitrification, 
although rate of nitrate production through heterotrophic pathway is much slower 
(Miegroet & Johnson, 1993). 
Net nitrification rate in an ecosystem can be influenced by a number of factors. 
Nitrification could be regulated by the population size of nitrifying bacteria or 
inhibiting substances released by plants (Vitousek et al., 1982). Low net nitrification 
can result from high microbial immobilization of nitrate (Davidson et al., 1992; Stark 
& Hart, 1997). Soil acidity can also influence the group of nitrifying population 
(autotrophs or heterotrophs) dominating the ecosystem and thus affect the net 
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nitrification rate (Kreitinger et al., 1985). Nitrification was shown to be related to soil 
C:N ratio and ammonium availability (Persson et al., 2000). At low soil C:N ratio or 
high ammonium availability, nitrate production is higher. Therefore, higher 
nitrification potential may imply higher nitrogen availability of an ecosystem. 
Net nitrogen mineralization measured at the study sites followed the descending 
order of PW92 > PW95 > TG99 > PG97 (Figure 5.4). Seasonal variation in net 
mineralization was observed in the woodlands. For the grasslands, no clear temporal 
trend was detected. Nevertheless, net nitrogen mineralization peaked in August for all 
the study sites. Significantly higher annual net nitrogen mineralization was detected at 
PW92. Both grasslands showed net immobilization within the study period. 
Rate of nitrogen mineralization was reported to be directly related to the soil 
nitrogen pool of the ecosystem (Carlyle et al., 1990; Persson et al., 2000; Satti et al” 
2003). In the present study, higher nitrogen and organic matter content was detected in 
the cover soil of PW92. Soil nitrogen and soil organic matter as the substrate for 
mineralization should be less limiting in PW92. This phenomenon explains the higher 
net nitrogen mineralization in the ten-year-old woodland. In the two grasslands, soil 
organic matter and nitrogen levels were much lower than those of the woodlands. 
PG97 showed the lowest level among the study sites. No net nitrogen mineralization 
was observed in the grasslands during the study period. This implies that nitrogen was 
very limiting on both sites. Only when soil nitrogen is not limiting for soil microbes, 
surplus nitrogen after immobilization for the biomass growth would be released in 
decomposition and become available for plant uptake. 
Plants can affect nitrogen cycling of the ecosystem through controlling nitrogen 
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Figure 5.4 Monthly net nitrogen mineralization of the cover soil on the study sites 
(n二 10 for PW92, PW95 and PG99; n=20 for TG99). 
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input and loss (Knops et al., 2002). A study which compared the nitrogen 
mineralization potential of soil under legume and non-legume plantations showed 
higher mineralization potential under nitrogen-fixing trees (Li et al., 2001). In the 
present study, both PW92 and PW95 were dominated by nitrogen-fixing trees: Acacia 
confusa, Acacia auriculiformis, Casuarina equisetifolia and Leucaena leucocephala 
(Lui, 1999). These species are fast growing and can assimilate atmospheric nitrogen. 
They can facilitate the accumulation of soil organic matter and nitrogen on degraded 
lands thus providing more substrates for nitrogen mineralization. Besides, 
revegetation was known to promote the recovery of soil microbial activities on 
degraded land (Stroo & Jenck, 1982). Vegetation coverage can ameliorate soil 
extreme microclimate and improve soil water moisture. Organic matter accumulation 
in soil as vegetation development can buffer pH changes and protect the microbial 
population against stresses. Soil environment is thus more favorable for the soil 
microbes. 
Positive correlation between litterfall quality and potential nitrogen 
mineralization have been reported in previous studies (Vitousek et al., 1982.) In the 
present study, there was no significant difference (p>0.05) in annual nitrogen turnover 
in litterfall between the two woodlands (Chapter 3), while significantly higher 
(p<0.05) nitrogen mineralization was detected in PW92; Hence, no such correlation 
was observed. Nitrogen input from litterfall was not likely to be a limiting factor to 
nitrogen mineralization in the two woodlands. Other processes such as litter 
decomposition and fine root decomposition may have greater impact on nitrogen 
mineralization. 
Nitrogen mineralization is usually counteracted by immobilization during early 
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stage of restoration. Net nitrogen immobilization was observed in the five (PG97) and 
three (TG99) years old grasslands. Immobilization is critical in retaining nitrogen in a 
rehabilitating ecosystem (Todd et al., 2000). Nitrogen can be immobilized in the 
ecosystem in plant biomass or organic soil layer. High net mineralization can imply 
inefficient nutrient cycling and poor nutrient retention (Stroo & Jencks，1982). When 
rate of decomposition and mineralization of soil nutrients are high, which even exceed 
the need of the vegetation, surplus mineral nutrients accumulated are susceptible to 
leaching loss from the ecosystem. Vegetation growth promotes the accumulation of 
soil organic matter and nitrogen. Proportion of mineralizable nitrogen increases with 
site age (Stroo & Jencks, 1982; Schwenke et al., 2000), which implies higher nitrogen 
mineralization potential at late succession. Net mineralization would occur once soil 
nitrogen is no longer limiting to the growing microbial population. 
Annual mineral nitrogen flux to the cover soil of PW92 and PW95 was 381 kg N 
ha] and 242 kg N ha'^ respectively. From Chapter 2, soil nutrient and organic matter 
level were considered to be low in the ten-year-old (PW92) and seven-year-old 
(PW95) woodlands. Considerable amount of nitrogen released in mineralization 
seemed not to be accumulated in soil. Instead, mineralized nitrogen could be taken up 
by plant or lost via leaching, volatilization or denitrification. 
Climatic factors such as soil water regime and temperature can affect the rate of 
primary production, decomposition and nutrient accumulation in an ecosystem. These 
are important factors affecting rate of nitrogen transformation and determining rate of 
mineralization. Climatic variation in nitrogen mineralization has been recorded in 
pervious studies (Knoepp & Swank, 1998; Owen et al., 2003; Pajuste & Frey, 2003). 
Usually high mineralization rate was detected during growing season while lower rate 
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were recorded in winter months. During early spring, soil temperature and moisture 
rise, soil microbial activity is reactivated and gross nitrogen mineralization increases. 
Similarly, nitrogen immobilization by the growing microbial biomass increases 
(Verburg et al., 1999). This results in low net nitrogen mieralization during March and 
April as observed in the present study. Thereafter, net nitrogen mineralization 
increased and peaked in August in most study sites. As vegetation and 
microorganisms enter the growing season, primary production and microbial turnover 
rate increase and larger amount of simple organic matter is available as substrates for 
nitrogen mineralization. When mineral nitrogen released exceeds immobilization, 
surplus mineral nitrogen starts to accumulate as net nitrogen mineralization in early 
summer. 
5.3.2 Leaching loss of mineral nitrogen 
Leaching loss of nitrogen at PW92 was in general higher during summer months 
(Figure 5.5a). Higher leaching loss occurred between May and September which 
when sum up accounted to nearly 70% of annual nitrogen leaching. Peak values were 
detected in May (46.9 kg N ha"^) and July (47.4 kg N ha"'). Annual nitrogen leaching 
at PW95 was significantly lower than that at PW92. Leaching loss was higher during 
summer months in PW95 which reached a peak in August (38.5 kg N ha''). Except in 
November，August, September, monthly nitrogen leaching fell below 9 kg ha"'. 
Nitrate was the dominant mineral nitrogen on cover soil of PW92. Compared 
with PW95, annual net nitrification rate was significantly higher (p<0.05) at PW92 in 
which over 90% of the mineralization product was nitrate. Nitrate in soil is very 
mobile and susceptible to leaching loss. Higher nitrate production rate attributes to the 
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Figure 5.5 Monthly (a) leaching loss and (b) plant uptake of mineral nitrogen in the cover soil on the 
study sites (n=10 for PW92, PW95 and PG97; n二20 for TG99). 
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higher leaching loss of mineral nitrogen at PW92. With such high net mineralization 
and nitrification was high at PW92, mineral nitrogen released rate probably exceeded 
plant uptake rate and resulted in leaching loss of surplus nitrogen from the ecosystem. 
Annual leaching loss of nitrogen was much lower in PG97 and TG99 than the 
two woodland sites. Low leaching loss of nitrogen in the grasslands can be explained 
by low net production of mineral nitrogen. Similar to the two woodland sites, leaching 
loss was relatively higher during summer months. Highest nitrogen leaching at PG97 
(10.7 kg ha' ') occurred in October while for TG99, leaching reached a peak value in 
September (5.5 kg ha"^). 
Climatic variation in leaching loss of nitrogen was observed on most study sites. 
Net nitrogen mineralization was higher during the growing season, which means 
larger amount of mineral nitrogen flux into soil in this period. Leaching loss of 
mineral nitrogen would occur when heavy rainfall passes through soil layer (Brady, 
1990). High temperature and high rainfall during the summer months could accelerate 
nitrogen leaching. 
5.3.3 Plant uptake of mineral nitrogen 
Annual uptake of mineral nitrogen was higher in PW95 (180 kg N ha"') than in 
PW92 (127 kg N ha'') (Figure 5.5b). Higher monthly net nitrogen uptake was 
observed at PW95 than that of PW92 over the whole growing season, but not in 
December and February. Between June and August, over 20 kg ha"' mineral nitrogen 
in the cover soil was taken up by plant monthly in PW95. Afterwards, uptake rate 
maintained at lower values until December and February. Unlike PW95, higher 
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nitrogen uptake during growing season was not observed in PW92. Nitrogen uptake in 
cover soil of PW92 always fell below 10 kg ha'' over the whole growing season. 
For PW92, slightly higher uptake rate was detected during winter months. Peak 
uptake rate was found in February (30.4 kg N ha'' in PW92 and 45.1 kg N ha'' in 
PW95) for both woodlands. The major proportion of mineralized nitrogen was taken 
up by plant or lost through leaching. Leaching loss of mineral nitrogen was substantial 
during the wet summer months; leaching rate was low in winter. Nitrogen mineralized 
during winter could accumulate in soil, which could be taken up by plants once 
entering early spring in February. 
Annual nitrogen uptake detected in the grasslands (negative value in PG97 and 
7.5 kg N ha.i in TG99) were significantly lower (p<0.05) than those of the woodlands. 
In PG97, nitrogen uptake occurred only in December, February, March and July 
which ranged from 0.48 kg ha] in December to 6.30 kg ha'' in March. In TG99, 
highest uptake rate was detected in September (4.87 kg N ha'') and October (10.2 kg 
N ha"'). Monthly nitrogen uptake fell below 1.5 kg ha"' during the rest of the year. 
5.4 CONCLUSION 
Net nitrogen mineralization measured at the study sites in general followed the 
order of: PW92>PW95>TG99>PG97. Higher net nitrogen mineralization was 
detected at the woodlands: PW92 (381 kg N ha'') and PW95 (242 kg N ha"'). Both net 
nitrogen mineralization and net nitrification were highest at PW92. Nitrogen 
availability was higher on the woodlands than the grassed areas. Net immobilization 
of mineral nitrogen was observed in PG97 (-33.1 kg N ha"') and TG99 (-23.9 kg N 
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ha''). Nitrogen was very limiting on both grassed areas. Keen competition of limited 
nitrogen resource between the soil microbes and plants could occur on the sites. 
Seasonal variation in net nitrogen flux in soil was observed in both woodlands but 
seasonal pattern was less clear in the grassed areas. 
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CHAPTER 6 GENERAL CONCLUSIONS 
Biological soil development involved the accumulation of soil organic matter, 
soil nitrogen capital and available nutrient capital as well as the enhancement of 
nutrient cycling processes (Bradshaw, 1987). Vegetation development plays an 
important role in the process of soil development. In restoring closed landfills, a layer 
of cover soil is usually added on top of the final capping. Locally, the cover soil is 
mostly CDG collected from the subsoil layer from borrow areas. The soil is 
poor-structured. Organic matter and nutrient levels are low. Vegetation developed on 
the landfill cover soil should overcome the problems of poor soil quality and adverse 
site conditions. Hydroseeding offers a quick vegetation coverage on the bare ground 
which can stabilize the soil structure and reduce erosion loss from soil surface. Grass 
litter input leads to the accumulation of organic matter and nutrients in soil. Natural 
invasion did occur on PG97 (Lui, 1999), which increased species richness with time. 
However site conditions of the grassed areas (PG97 and TG99) were still harsh for 
vegetation establishment. Soil available nutrient and organic matter contents were low. 
Nitrogen was very limiting on both sites as reflected by the low net mineralization 
(-33.1 kg h a ' at PG97; -23.9 kg h a ' at TG99). 
Tree planting had been carried out on PW92 and PW95. The exotic species 
planted could withstand the adverse site conditions and established well on the cover 
soil. They could grow fast and develop into woodlands. Ecological development was 
promoted after tree planting. As vegetation developed, litterfall input increased. Soil 
organic matter and soil nutrient pool built up. Efficient nutrient cycling was critical in 
sustaining the ecosystem. Litterfall and throughfall returned large quantity of plant 
nutrients to the soil. Through litter decomposition, mineral nutrients were released 
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back to the soil. Vegetation coverage could ameliorate extreme microclimate on soil 
surface. Soil condition also improved as organic matter accumulated. This provided a 
better environment for the detritus. Microbial biomass grew when more nutrient 
resource became available, which promoted nutrient turnover. Mineral nitrogen flux 
to the cover soil measured as net nitrogen mineralization was much improved 
compared with the grassed area (PG97). 
Soil fertility and nutrient turnover rate varied between the two woodlands. Soil 
organic matter and nutrient contents were richer in cover soil of PW92. Annual 
nutrient flux in throughfall during the study period was higher in PW92 than PW95. 
Except calcium, annual nutrient return in litterfall did not vary much between the two 
woodlands. Litter decomposition rate and thus nutrient release from litter was higher 
in PW92 than PW95 (Decomposition constant k= -1.74 for PW92; k= -0.59 for 
PW95). Higher nitrogen mineralization rate was also detected on this site (381 kg ha"' 
at PW92; 242 kg ha'' at PW95). Nutrient turnover and thus nutrient availability were 
higher on PW92. Site age, time after tree planting and tree planting practices 
(composition of the tree species planted) all attributed to the different soil nutrient 
capital and nutrient cycling on the two woodlands. 
On PPV Landfill, time could be a determining factor to ecological development 
of the woodlands after tree planting. Nevertheless sustainability could be reached 
within reasonable time. Site management works such as addition of fertilizer during 
tree planting and early establishment stage are essential. During early ecological 
development, nutrient availability of the cover soil is poor and mineral nutrient flux is 
low. Application of fertilizers can enhance vegetation establishment. Chemical 
fertilizers are convenient to use, but leaching loss is great. The use of organic wastes 
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as soil amendment can be a good alternative. Besides, weeding should be carried out 
to reduce the competition of limited resources and to accelerate the release of 
nutrients fixed in the grass biomass. As vegetation develops, soil nutrient pool is built 
up and efficient nutrient cycling is established, the ecosystem is self-sustainable and 
nutrient application is no longer needed. 
Vegetation development and performance study have been carried out in the PPV 
Landfill (Lui, 1999). Both exotic and native tree species were planted on PW92 and 
PW95. During early ecological development on closed landfills, the indigenous trees 
planted could not withstand the stressful site conditions and most of them died. In 
contrast, the exotics survived and established well on the site. They were fast growing 
and some species (A. confusa, A. auriculiformis and C. equisetifolia) were able to fix 
atmospheric nitrogen. Vegetation development has improved site condition and soil 
quality of the sites. A sustainable woodland ecosystem could be attained in 
comparatively shorter time (say seven to ten years after tree planting). There is no 
doubt that exotic species can be a good choice in tree planting on closed landfills. 
They do not simply provide a green cover but they can also improve soil quality, 
promote nutrient cycling, enhance nutrient availability and maintain sustainability of 
the ecosystem, which involved the restoring of ecological function. 
Native trees are usually sensitive to poor soil quality and adverse condition of the 
newly closed landfills. There are great difficulties in establishment and development 
of a self-sustainable native woodland on degraded land in less than a decade (Cheung, 
1999). Also management works are still required years after tree planting to maintain 
the woodland. Therefore, it is not economic to plant native trees during early stage of 
ecosystem development. The reinvasion of native species into exotic woodlands has 
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been reported (Zhuang & Yau, 1999). This resulted in increase in species richness and 
species diversity of the sites. The native trees have certain potential to reinvade the 
exotic woodland when the site condition has been improved. 
On PPV Landfill, the mixed woodlands PW92 and PW95 had been established 
for seven to ten years. Both woodlands have reached canopy closure. Site condition 
and soil quality have been improved as ecosystem developed after tree planting. The 
present study provided the evidence of restoring ecological function including the 
accumulation of soil nutrients, development of nutrient cycle and improvement of 
nutrient availability in exotic woodlands developed on a closed landfill. Previous 
study on the PPV Landfill has reported the invasion of one native tree {Bridelia 
tomentosa) on the two woodlands (Lui，1999). The availability of seed source and 
propagates can be a problem. Also, the new invaders have to cope with keen 
competition of light, space and limited nutrient resources (Wali, 1999). These factors 
can hinder the reinvasion of the natives. 
Planting the right species can enhance the success of revegetation. Understanding 
the ecological processes during different stage of ecosystem development allows us to 
choose the right species at a specific site condition. It also helps to identify the proper 
planting practice and planning on management works after tree planting. Proper 
planting scheme and management are crucial in the success of rehabilitation of closed 
landfills. 
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